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Abstract 
 
Ecosystem changes can have fundamental impacts on climate, therefore determining 

how much shortwave radiation that is absorbed and reflected from vegetation 

canopies can help understand and predict near-surface climate. The shortwave 

radiation budget is a function of the coupling between canopy structure and leaf 

biochemistry. In order to interpret a remotely sensed signal from vegetation canopies, 

scattering must be modelled at both the leaf and canopy level, complicating the 

retrieval of leaf biochemistry. This study empirically tests a new approach to model 

both canopy and leaf scattering using a Directional Area Scattering Factor (DASF) to 

correct reflectance (BRF) data modelled by Monte Carlo Ray Tracing simulations of 

different canopies for structural effects to predict total canopy scattering.  

 

It was shown that both DASF and total canopy scattering could be accurately 

extracted under idealised conditions of directional-hemispherical reflectance, equal 

leaf asymmetry and sufficiently dense canopies with black soil. Additionally it was 

proven that under these conditions total canopy scattering could be predicted using 

information from the 710-790nm region and given no prior knowledge of leaf optical 

properties. However, the latter highlighted important consequences of no prior 

knowledge of leaf optical properties; if the leaf single scattering albedo is not known, 

the recollision probability cannot be found, and vice versa. This is significant since 

recollision probability is widely used in canopy reflectance modelling.  

 

Departures from these idealised conditions; varying view geometry, bi-directional 

reflectance, LAI and soil effects, were tested. Canopy scattering was extracted stably 

under conditions of varying view geometry and bi-directional reflectance, but LAI 

and soil effects were proven to influence the accuracy with which canopy scattering 

can be modelled using this approach. Canopy architecture, described by homogeneous 

and heterogeneous canopies has important influences over DASF and consequently 

the accuracy of retrieval of total canopy scattering.  

 

Word count: 11,970 
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Nomenclature 
 

€ 

ωλ :  Leaf single scattering albedo 

€ 

ϖλ :  Fraction of radiation scattered from leaf interior once it has interacted  

with biochemical constituents 

Ω:  Direction satellite views the canopy 

ρ(Ω):  Directional gap density 

€ 

ϖ0λ :  Known leaf scattering spectrum 

€ 

ρ :  Canopy reflectance 

€ 

ρl :  Leaf reflectance 

€ 

τ l :  Leaf transmittance 

a:  Geometric term that describes interception and escape probabilities for  

first-order interactions 

aexp:  Explicit a 

A:  Canopy section area [m2] 

AVIRIS: Airborne/Visible Infrared Imaging Spectrometer 

BRF:   Bi-directional Reflectance Factor 

DASF:  Directional Area Scattering Factor 

DASF710: Directional Area Scattering Factor predicted from 710-790nm region 

HET12: Heterogeneous canopy, medium density 

HET22: Heterogeneous canopy, high density 

HOM25: Homogeneous canopy 

€ 

iL :  Fraction of intercepted radiation 

€ 

i0:  Canopy interceptance 

LAD:  Leaf Angle Distribution 

LAI:  Leaf Area Index 

LEAFMOD: Leaf Experimental Absorptivity Feasibility MODel 

LIBERTY: Leaf Incorporating Biochemistry Exhibiting Reflectance and  

Transmittance Yields 

MCRT: Monte Carlo Ray Tracing  

MIR:  Middle-Infrared 

N:  Number of leaves 

NASA: National Aeronautics and Space Administration 



 x 

NIR:  Near-Infrared 

 p:  Recollision probability 

  

€ 

pL :  Spectrally invariant within-leaf recollision probability 

  

€ 

p1:  

€ 

pL + iL p(1− pL ) 
peff:  Effective recollision probability 

pW:  Total canopy scattering recollision probability 

r:  Disc radius [m] 

rs:  Sphere radius [m] 

RAMI:  Radiation Transfer Model Intercomparison  

RPV:  Rahman-Pinty-Verstraete model 

€ 

sL :  Fraction of radiation reflected by the surface 

S1:  First-order scattering 

SAA:  Solar Azimuth Angle (º) 

SZA:  Solar Zenith Angle (º) 

VAA:  View Azimuth Angle (º) 

VZA:  View Zenith Angle (º) 

€ 

W :  Total canopy scattering 

€ 

W710:  Total canopy scattering predicted from 710-790nm region 

€ 

WT :  True total canopy scattering 

€ 

W /ω:  Ratio of total canopy scattering to leaf single scattering albedo 
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1 Introduction 
 

Terrestrial ecosystems influence the Earth’s climate through various mass and energy 

exchange processes with the atmosphere (Ollinger et al., 2008). It has long been 

known that ecosystem changes can have fundamental impacts on climate, therefore 

determining how much shortwave radiation that is absorbed and reflected from 

vegetation canopies can help understand and predict near-surface climate (Wang et 

al., 2003). Remote sensing measurements of solar radiation that has interacted with a 

vegetation canopy provides a valuable tool for extracting such information.  

 

The shortwave radiation budget describes how the fractions of absorbed or scattering 

radiation are a function of canopy optical properties and structure (Smolander and 

Stenberg, 2005), therefore the remotely sensed signal carries information on the 

structural and biochemical characteristics of a canopy. The extraction of biochemical 

characteristics of vegetation canopies from remote sensing data are crucial sources of 

information for many studies, particularly carbon-cycle processes, foliar nitrogen and 

energy exchange (Ustin, 2013). However, canopy remote sensing data is subject to 

both leaf and canopy scattering, complicating the extraction of canopy biochemistry. 

To retrieve information on leaf biochemical constituents from such data, these 

scattering processes must be taken into account (Ustin 2013).  

 

To understand the canopy scattering, accurate models are needed (Smolander and 

Stenberg, 2005), enabling us to understand the scattering processes exhibited by a 

canopy, and the factors that influence the signal (Huang et al., 2011). However, very 

few models have been developed that incorporate both canopy and leaf scattering. As 

a result, quantifying the retrieval of canopy biochemistry has thus far not incorporated 

the effects of leaf and canopy scattering. 

 

Knyazikhin et al (2013) proposed the concept of a directional area scattering factor 

(DASF) to correct reflectance (BRF) data for canopy-structure effects and associated 

scattering processes. DASF is a structural term that can be directly retrieved from 

canopy reflectance spectra through physically based approaches that consider the 

fundamental laws of light interactions (Knyazikhin et al 2013), and requires no prior 

knowledge or ancillary information on leaf optical properties. The hypothesis that 
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DASF could be used to correct for structural effects was tested for the first time by 

Knyazikhin et al (2013) on a range of forest types. The concepts proposed are one of 

the only attempts at modelling spectral absorptions and scattering at both leaf and 

canopy scales (Ustin 2013), and have yet to be tested empirically using models of 

canopy reflectance.  

 

This study empirically tests the approach made by Knyazikhin et al  (2013), and the 

ability of DASF to correct BRF data simulated using a Monte Carlo Ray Tracing 

model, for leaf and canopy scattering processes, and structural effects. Assumptions 

made throughout the conception of this theory will be tested to examine the 

conditions under which DASF can correct for structural effects, or breaks down. 

Identifying such conditions, and rigorous testing of the effect of canopy and leaf 

scattering effects on BRF will allow a more precise retrieval of leaf and canopy 

biochemistry. 
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2 Literature Review and Theory 
2.1 Context  
 

Terrestrial ecosystems influence the Earth’s climate through various mass and energy 

exchange processes with the atmosphere (Ollinger et al., 2008). Physical, 

biogeochemical and physiological processes determine the functioning of the 

terrestrial ecosystem (Schull et al., 2008), which in turn affects exchanges to the 

climate, therefore determining the shortwave radiation budget from vegetation 

canopies is crucial (Wang et al., 2003). Remote sensing of vegetation measures the 

solar radiation received by a sensor once it has interacted with a vegetation canopy, 

and offers considerable potential for information about vegetation canopies. Because 

the shortwave radiation budget describes how the fractions of absorbed or scattering 

radiation are a function of canopy optical properties and structure (Smolander and 

Stenberg, 2005), the received remote sensed signal carries information on the 

structural and biophysical characteristics of a canopy.  

 

2.2 Canopy reflectance modelling 
 

In order to understand the radiation budget of canopies, accurate models are needed to 

interpret the reflectance signal (Smolander and Stenberg, 2005). Such models allow 

us to understand how reflectance signal exhibited by a canopy, and the factors that 

influence the signal (Huang et al., 2011). Canopy reflectance models can be broadly 

categorised into physically based methods and analytical methods (Disney et al., 

2000).   

 

2.2.1 Physically based models 
 

Physically based models of interpreting canopy reflectance have proven crucial in 

improving our understanding of the terrestrial ecosystem (Schull et al., 2010), and 

their key lies within providing a numerical solution for radiation transport between 

the illumination source and camera (Lewis, 1999). Radiative transfer canopy 

reflectance models can be characterised into geometric models that use geometric 

objects such as spheres and ellipsoids (Chen et al., 2000), turbid medium models that 

assume the volumetric medium is a horizontally uniform slab (Widlowski, 2010), 
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hybrid models that combine these two models (Norman and Welles, 1983) and 

computer simulation models. The latter define canopies volumetrically and 

deterministically from the outset, and can be grouped into either radiosity or ray 

tracing methods (Disney et al., 2000).   

 

Ray tracing methods are based around simulating the chain of scattering events that a 

photon will encounter through its trajectory (North, 1996). The photon trajectories are 

sampled, and in order to effectively use ray tracing methods, the sampling scheme 

must also be effective (Disney et al., 2000). Monte Carlo (MC) methods form the 

basis for photon trajectory sampling based on their ability to solve large multi-

dimensional problems. In the case of ray tracing, MC methods stochastically sample 

the probability density function of the scattering behaviour of photons (Halton, 1970). 

Monte Carlo Ray Tracing (MCRT) can be used to determine incident light location 

and direction, the type of interaction (reflectance, absorption or transmission) when a 

ray intersects with a canopy element, and in the case of reflectance or transmittance, 

the direction of further propagation to simulate reflectance (Widlowski, 2010). MCRT 

has two modes; forward or reverse modes. The forward mode traces photons from the 

illumination source to the sensor, and the reverse mode uses trajectories traced from 

the sensor to simulate the scattering that could have originated from the illumination 

source (Disney et al., 2000). Clearly the choice of mode is dependent on the 

application in question. 

 

MCRT methods have been widely used to simulate canopy reflectance in the optical 

domain. Ross and Marshak (1988) investigated the impact of leaf angle distribution 

(LAD) on reflectance using MCRT methods and Ross and Marshak (1991) explored 

the effect of canopy architecture on BRDF. Disney et al (2006) modelled 3D canopy 

structure in both the optical and microwave domains using MCRT methods. Disney et 

al (2011) modelled the impact of fire on savannah systems using MCRT methods. 

The advantages of MCRT methods lie chiefly within their flexibility, their capability 

of obtaining accurate representations of canopies and their ability to track vegetation-

light interactions at a photon basis making it very realistic (Verrelst et al., 2010). 

Moreover, an important utility of MCRT models are their ability to  ‘ “bench-mark” 

the assumptions made in simpler analytical models’ (Disney et al., 2000: 27).  
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2.2.2 Analytical models 
 

Analytical models relate canopy optical and phytometrical parameters to canopy 

scattering and absorption (Kuusk, 1995), with their main advantages lying in their 

simplicity and application to general canopies. Numerous analytical models have been 

developed, the most extensively used being the SAIL model (Verhoef, 1984), the 

Nilson-Kuusk model (Nilson and Kuusk, 1989), and the canopy reflectance model 

developed by Verstraete et al., (1990), which describes light scattering from a semi-

infinite medium. 

 

General radiative transfer theory, and associated solutions to the radiative transfer 

equation have also been a widely used method for analytically modelling canopy 

reflectance (Ganapol and Myneni, 1992; Knyazikhin and Marshak, 1991; Knyazikhin 

et al., 1992). The radiative transfer theory is a mathematical statement of energy 

conservation, and can therefore express the interaction of photons with vegetation 

(Knyazikhin et al., 2005). Knyazikhin et al (1998) proposed a method of modelling 

reflectance that applies this concept; spectral invariant theory.  

 

2.2.3 Spectral invariant theory 
 

Spectral invariant theory exploits simple algebraic combinations of leaf and canopy 

spectral reflectance and transmittance (Huang et al 2007) that become wavelength 

independent due to the size of scattering elements relative to the wavelengths of 

interest. Whilst scattering and absorption events are spectrally variant, canopy 

structure fundamentally controls interaction probabilities of photons. Spectrally 

invariant relationships can therefore be used to establish canopy structure parameters 

(Marshak et al., 2011).  

 

Considering only green foliage matter in a sufficiently dense vegetation canopy where 

the impact canopy background is negligible, photon interactions with canopy 

elements can be described by leaf optical properties and canopy structure (Knyazikhin 

et al., 2013). Radiation incident on an object can either be absorbed or scattered 

through reflectance, 

€ 

ρl ,  or transmittance, 

€ 

τ l  (Lewis and Disney, 2007). The fraction 

of radiation incident on a leaf that is scattered through reflectance or transmittance 
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can be characterised by the leaf single scattering albedo, ω. This fraction results from 

photon interactions at the leaf surface and the leaf interior, 

 

€ 

ωλ = iLϖλ + sL       (1) 

 

where 

€ 

iL  is the fraction of radiation incident on the leaf that enters the leaf interior, 

otherwise known as the leaf interceptance. 

€ 

sL  represents the fraction of radiation that 

if reflected by the surface, where 

€ 

sL =1− iL . It is assumed to be wavelength 

independent and varies depending on the direction of incident radiation. The 

transformed leaf albedo, 

€ 

ϖλ , is the fraction of radiation scattered from the leaf 

interior once it interacts with the leaf biochemical constituents (Lewis and Disney, 

2007). 

€ 

ϖλ  varies with leaf biochemical constituents and leaf anatomical structure and 

is therefore independent of the leaf surface properties. ω is spectrally variant 

(Marshak et al., 2011) due to varying leaf properties throughout the spectrum, 

including leaf surface properties, biochemical constituents, pigment concentrations 

and leaf anatomical structure. Accordingly, ω can be used to provide information on 

leaf optics. 

 

However, canopy reflectance is also a function of structure. Photons that enter the 

canopy and encounter a leaf can either be absorbed or scattered. Scattered photons 

either hit another leaf or escape the canopy through gaps in the canopy. Under 

assumptions of energy conservation and that vegetation canopies are bounded by 

black soil (Marshak et al., 2011), photons must eventually be absorbed or exit the 

canopy. Under this assumption, Knyazikhin et al (1998) propose the concept of a 

structural parameter, ‘recollision probability’ (p), which expresses that the probability 

a photon scattered by a foliage element in the canopy will interact with another 

foliage element in the canopy again (Smolander and Stenberg, 2005). Recollision 

probability is a function of canopy structural organisation properties such as tree 

crown shape and size, distribution of trees on the ground and foliage arrangement 

(leaves, branches, trunks) within the tree (Smolander and Stenberg, 2003; Smolander 

and Stenberg 2005; Mõttus et al., 2007), and is dependent on canopy type (Smolander 

and Stenberg, 2005).  

 



 7 

Some photons that interact with a leaf may not recollide, and therefore exit the canopy 

through gaps between leaves with the probability 1-p. Some of the photons that exit 

the canopy can be viewed by a satellite sensor in the direction 

€ 

Ω. The ‘directional gap 

density’, 

€ 

ρ(Ω) , utilises Stenberg’s (2007) assertion that a gap can be defined as a 

point within the canopy that can be viewed outside, for example by a satellite sensor, 

in the direction 

€ 

Ω. 

€ 

ρ(Ω) is a function of leaf area and the organisation of foliage 

elements within the canopy, thus depends on canopy structure.  

 

A fraction of photons may pass through the vegetation canopy without experiencing 

any interactions, and the remaining fraction interact with the canopy, known as the 

canopy interceptance (

€ 

i0).

€ 

i0 defines the portion of incident radiation that interacts 

with foliage elements for the first time (Schull et al., 2010), hence depends on canopy 

structural organisation and solar angle (Knyazikhin et al., 2013). The three spectrally 

invariant parameters described (

€ 

i0, p and

€ 

ρ(Ω)) and the leaf single scattering albedo 

(ω) can be used to describe reflectance (BRF) of a canopy at a particular wavelength, 

 

€ 

BRF λ(Ω) =
ρ(Ω)i0
1−ωλ p

ωλ
     (2) 

 

Figure 2.1 shows a schematic representation of the spectral invariant theory (Marshak 

et al., 2011), and the interaction of the three spectrally invariant parameters. 

 

 
Figure 2.2-1 Diagram of spectral invariant theory (the term Tdir is the fraction of photons in the incident beam that 
reach the surface without interacting)  
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2.3 Canopy and leaf level radiative transfer models 
 

However, the BRF signal is also subject to canopy scattering, described by the canopy 

structure, which must be taken into account (Ustin 2013). Numerous leaf radiative 

transfer models have been developed to describe scattering at leaf  scales, including 

the Kubelka-Monk (K-M) radiative transfer theory (Dawson et al., 1998) and the 

single-layer (later developed to multi-layer) ‘plate’ model (Allen et al., 1969). 

However, few leaf and canopy radiative transfer models have been developed to 

describe scattering and absorption at both leaf and canopy scale (Ustin, 2013). 

 

The LIBERTY radiative transfer model developed by Dawson et al (1998) which 

simulates quasi-infinite and single leaf reflectance to estimate optical properties of 

pine needles, and LEAFMOD which is a leaf-level radiative transfer model of true 

photon scattering (Ganapol et al., 1998) and used in conjunction with CANMOD, to 

simulate canopy scattering properties demonstares progress in modelling at leaf and 

canopy scales. PROSPECT (Jacquemoud et al., 1996) is one of the most widely used 

leaf optical models that simulates leaf absorption and scattering, requiring specific 

absorption coefficients to be defined. Recently PROSPECT has started addressing 

canopy scattering through incorporating with the SAIL canopy radiative transfer 

model (PROSAIL).  

 

Canopy reflectance modelling techniques that incorporate canopy structural effects 

have recently started to gain more attention (Zhao et al., 2013). Accordingly, 

Knyazikhin et al (2013a) propose the concept of a directional area scattering factor 

(DASF), which can be used to correct BRF data for canopy-structure effects and 

associated scattering processes, and therefore account for leaf and canopy structure 

scattering. 

 

2.4 Directional Area Scattering Factor 
 

The three spectrally invariant parameters defined previously can be combined to 

determine the directional area scattering factor (DASF), 
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€ 

DASF = ρ(Ω) i0
1− p       (3)

 

 

Huang et al (2007) show that the factor 

€ 

i0 /(1− p) is the mean number of interactions 

that a photon will encounter before it exits the canopy (assuming non-absorbing 

canopy), and is equivalent to the foliage area per unit ground area that an average 

photon trajectory accumulates over successive scattering orders, otherwise expressed 

as a Neumann series (Stenberg 2007). Accordingly, DASF is an estimate of the ratio 

between the total one-sided leaf area and the canopy boundary leaf area seen from a 

given direction, and is influenced by canopy structure properties such as the spatial 

distribution of trees, the shape and size of trees, the organisation of foliage within 

trees and the leaf surface properties (Knyazikhin et al., 2013b). 

 

In reality canopies are not non-absorbing, and some of the incident radiation is 

absorbed by foliage elements. Because absorption is spectrally dependent, there is a 

large deviation between BRF and DASF. However, in wavelengths that are weakly 

absorbing, multiple scattering dominates and is similar to radiative transfer in a non-

absorbing canopy, for example in the NIR region (800-850nm). If scattered photons 

are considered to be sources of radiation, the strength of this source is determined by 

the leaf single scattering albedo. Consequently recollision probability and DASF can 

be extracted given we know ω at 2 or more weakly absorbing wavelengths. 

Considering that this is not possible from remotely sensed data, Knyazikhin et al 

(2013) propose that DASF can be estimated from a BRF spectrum in the 710-790nm 

region given that prior knowledge or ancillary information on leaf optical properties is 

not known.  

 

In the 710-800nm region, scattering by the leaf interior is mostly due to chlorophyll 

and dry matter spectrums. Considering that the dry matter exhibits little absorption, 

and the chlorophyll absorption spectrum declines throughout the interval, leaf 

scattering is strong enough to dominate the BRF signal. Schull et al (2011) 

demonstrated that the reflectance spectrum in 710-790nm can be explained by a 

known leaf scattering spectrum (

€ 

ϖ0λ ) and a spectrally invariant within-leaf recollision 

probability (

€ 

pL), 
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€ 

ϖλ =
1− pL
1− pLϖ0λ

ϖ0λ
      (4)

 

 

Single scattering albedo can then be estimated considering that diffuse leaf albedo 

dominates, 

 

     

€ 

ωλ ≈ iLϖλ =
1− pL

1− pLϖ0λ
iLϖ0λ

       (5) 

 

where the leaf reference spectrum is determined by absorption spectras of chlorophyll 

and dry matter. Through substituting Equation 5 into Equation 2, 

 

€ 

BRF λ(Ω) =
iLρ(Ω)(1− pL )i0
1− p1ϖ 0λ

ϖ 0λ
     (6)

 

 

where 

€ 

p1 = pL + iL p(1− pL ) . As a result, BRF can be modelled either using ω and 

spectral invariants, or 

€ 

ϖ0λ and transformed spectral invariants which are standardized 

to 

€ 

ϖ0λ . By plotting the ratio 

€ 

BRFλ (Ω) /

€ 

ϖ0λ , a linear relationship is obtained: 

 

€ 

BRF λ(Ω)
ϖ 0λ

= p1BRF λ(Ω) + iLρ(Ω)(1− pL )i0
           (7)

 

 

DASF can then be calculated from the 710-790nm interval with or without prior 

knowledge of the leaf single scattering albedo, for vegetation canopies that are 

sufficiently dense so that canopy background impact is negligibles: 

 

€ 

DASF = ρ(Ω) iLi0
1− piL       (8)

 

 

Equation 2 can be rearranged so that BRF is expressed through: 

 

€ 

BRFλ (Ω) =
ρ(Ω)i0

1−ωλ p
ωλ =

ρ(Ω)i0iL
1− piL

1− piL
1− ˆ ω λ piL

ˆ ω λ
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ = DASF .Wλ

      (9) 
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where 

€ 

W is the total canopy scattering coefficient: 

 

€ 

W =
1− piL

1− ˆ ω λ piL
ˆ ω λ

        (10)
 

 

€ 

W  expresses the fraction of intercepted radiation scattered through reflectance or 

transmittance through the vegetation, and is a function of both leaf surface and 

interior properties. 

€ 

W  clearly depends on the known leaf scattering albedo, but it also 

depends on absorption from within-canopy photon multiple interactions (Knyazikhin 

et al., 2013). Normalising a BRF signal for structural effects using the DASF gives an 

approximation of the total canopy scattering. 

 

Lewis et al (2007) proposed an alternative method to express canopy reflectance 

using a Neumann series solution, in terms of the parameters used to approximate 

reflectance, transmittance and scattering under energy conservation: 

 

€ 

c1d1
1− p∞d1

=
c2d2

1− p∞d2
                 (11) 

 

The parameters in Equation 11 can therefore be represented in the following 

spectrally invariant model that follows the Neumann series solution for multiple 

scattered components: 

€ 

ρ ∝
aω

1− pω         (12)
 

 

where 

€ 

p is the recollision probability and 

€ 

a  is a geometric term that expressed the 

effect of interception and escape probabilities for first-order interactions, i.e. how well 

it can separate first-order and multiple scattering. ω is the single scattering albedo, 

defined as the combined scattering from leaf reflectance, 

€ 

ρl , and leaf transmittance, 

€ 

τ l , i.e. 

€ 

ω = ρl +τ l . The asymmetry of 

€ 

ρl  and 

€ 

τ l  is spectrally variant, and strongly 

influences canopy reflectance modelling, thus equal asymmetry is often assumed for 

baseline experiments in spectral invariant studies. The derivation and assumptions 

underlying this model can be found in Lewis et al (2007). This model can be 

rearranged to represent that of Equation 7: 
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€ 

ρ
ω

= aρ + p
     (13)

 

 

Expressing canopy reflectance in this way allows the parameters needed to extract 

DASF to be retrieved using two methods; Equation 12 (Lewis et al., 2007) or 

Equation 13 (Knyazikhin et al., 2013). The accuracy with which canopy scattering 

can be extracted depends on the assumptions described throughout this theory: 

 

1. Directional-hemispherical reflectance 

2. Equal leaf reflectance to transmittance  

3. Black soil 

4. Sufficiently dense canopy 

5. A horizontally uniform canopy (homogeneous) 

 

The concepts proposed are one of the only attempts at modelling spectral absorptions 

and scattering at both leaf and canopy scales (Ustin 2013), and has yet to be tested 

empirically under both idealised conditions and their departures. 
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3 Aims and Objectives 
 
 

Accordingly, the aim of this dissertation is to empirically test the ability of DASF to 

correct BRF data simulated using MCRT techniques for canopy structural effects to 

predict total canopy scattering. Several objectives must be fulfilled in order to achieve 

these aims:  

 

1. Extract DASF and total canopy scattering under the assumption that leaf 

optical properties are known and under idealized conditions. 

2. Test the claim that no prior knowledge or ancillary information on leaf optical 

properties is required to retrieve DASF through following the first objective 

but assuming that the true leaf optical properties are not known. 

3. Examine how departure from the assumptions made influences the ability of 

DASF to extract total canopy scattering, under both assumptions that we either 

know or do not know leaf optical properties. 

 

This report outlines the data and methodology required to fulfill these objectives, the 

main results and an analysis of the main findings, concluding with potential further 

work and the main conclusions. 
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4 Data and Methods 

4.1 Monte Carlo Ray Tracing (MCRT) 
 

In order to achieve the aim and objectives, DASF and total canopy scattering was 

extracted under varying conditions. MCRT methods were used to simulate reflectance 

(BRF) for each of the conditions. Simulations were run using the librat Monte Carlo 

Ray Tracer (MCRT), which is an advancement from the ararat and drat model 

(Lewis, 1999). The canopy radiative regime from librat is described using a number 

of inputs; a description of a canopy geometry (canopy scenes), leaf and soil scattering 

properties, illumination conditions and camera imaging characteristics.  

 

4.2 Baseline experiment 
 

Following the ideal conditions defined in Section 3.5 with which DASF can be 

extracted, a baseline experiment was set up to achieve Objective 1: 

 

1. A sufficiently dense structurally simple (homogenous) canopy 

2. Black soil 

3. Equal leaf reflectance and transmittance asymmetry 

4. Directional-hemispherical reflectance 

 

4.2.1 Homogeneous canopy 

 

The baseline experiment comprises of a horizontally uniform canopy, due to their 

geometrical simplicity (Knyazikhin et al., 2003). Canopy scenes from the Radiation 

Transfer Model Intercomparison (RAMI) initiative were utilised (Pinty et al., 2001). 

RAMI phase 4 (RAMI-IV) abstract anisotropic homogenous canopies consisting of 

non-overlapping disc-shaped scatterers to represent canopy foliage elements were 

used. The discs are characterised by particular radiative properties (reflectance and 

transmittance), and the orientation of the normals to the discs (leaf normal 

distribution). A planophile leaf distribution was chosen. These discs are randomly 

distributed within a slab-like volume, overlayed on a non-lambertian horizontal plane, 
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designed to represent an anisotropically scattering underlying background. The BRF 

of the underlying background is expressed by the parametric RPV (Rahman-Pinty-

Verstraete) model (Rahman et al., 1993), where under-storey vegetation background 

was chosen.  

 

An ASCII file containing the exact coordinates of each disc was provided, with radius 

R, centre coordinates and direction cosines for every disc. Characteristics of the 

original HOM25 canopy file can be found in Table 4.1. A diagrammatic 

representation of the scene is shown in Figure 4.2.1. A homogeneous canopy with 

LAI of 3 was chosen for the baseline experiment. 

 
Table 4-1. Characteristics of RAMI HOM25 dataset 
 HOM25 
Lines of format 79577 
File size ~3.5 Mbytes 
Canopy section 25 × 25 [m × m] 
( X × Y × Z) 101.0 × 101.0 × 1.01 [m × m × m] 
(Xmin, Ymin, Zmin) −50.5, −50.5, 0.0 [m, m, m] 
(Xmax, Ymax, Zmax) +50.5, +50.5, 1.0101 [m, m, m] 
Scatterer shape Disc of negligible thickness 
Scatterer radius 0.05 [m] 
Leaf Area Index 1.0  
Scatterer Normal Distribution Planophile 
Foliage scattering law Bi-lambertian 
Background BRF pattern Non-Lambertian  
 
 
 

 
Figure 4.2-1. RAMI HOM25 canopy scene 
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4.2.2 Soil scattering properties 

 

The baseline experiment was set up under totally absorbing black soil, given the 

assumption made by Knyazikhin et al (2013) that a sufficiently dense canopy should 

be used where the impact of canopy background is negligible. Accordingly, canopy 

structure and optical properties of the leaves are the dominant factors controlling the 

reflectance (BRF) signal in this baseline experiment. Appendix A demonstrates the 

generation of a black soil spectrum. 

4.2.3 Leaf scattering properties 

 

Leaf scattering properties were modelled using the PROSPECT leaf optical model 

(Jacquemoud and Baret., 1995). PROSPECT simulates leaf directional-hemispherical 

reflectance and transmittance over the whole optical domain (Feret et al., 2008), 

requiring chlorophyll content [µg/cm2], dry matter content [g/cm2] and equivalent 

water thickness [cm]. These parameters were taken from the LOPEX dataset, which 

has been widely used by the remote sensing community (Hosgood et al., 1995), and  

was chosen as it utilises a large number of leaf species. LOPEX parameter inputs used 

for this study that are input into PROSPECT are outlined in Table 4.3 (Appendix A). 

Leaf asymmetry was assumed to be equal leaf reflectance and leaf transmittance. 

 

4.2.4 Directional-hemispherical reflectance  

 

To satisfy conditions of directional-hemispherical reflectance the ‘diffuse’ output 

from librat, was utilised, defined as the cosine-weighted integral over a hemispherical 

illumination for a particular view angle. The directional component is varied through 

altering View Zenith Angle (VZA) and View Azimuth Angle (VAA). VZA is defined 

as the view angle measured away from the vertical (Figure 4.2.2) and was varied from 

0-75° in steps of 15° and VAA is kept constant at 0°. 

 
Table 4-2. Absorption coefficient values for true and two wrong ω 

 True ω  Wrong ω  
Chlorophyll (

€ 

µg /cm2 ) 15.0 30.0 

Dry matter content (

€ 

g /cm2 ) 0.0053 0.0106 
Equivalent water thickness (

€ 

cm ) 0.0113 0.0226 
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Figure 4.2-2. Diagrammatic representation of view and solar zenith angles 

 
 
 
 

4.3 Departure from baseline 
 

In order to achieve Objective 3, idealised conditions must be departed from to test the 

ability of DASF to reconstruct 

€ 

W given that the assumptions required cannot be met.  

4.3.1 Bidirectional reflectance 

 

To test the impact of bidirectional reflectance on both homogeneous and 

heterogeneous canopies, both illumination and view angles are varied. Solar Zenith 

Angle (SZA) and VZA are varied between 0-75° in steps of 15° and both Solar 

Azimuth Angle (SAA) and VAA are kept constant at 0°. The direct component from 

librat translates to bidirectional reflectance, for a particular sun and view angle.  
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4.3.2 Soil scattering properties 

 

To explore the effect of soil scattering, numerous soil spectras were incorporated in 

the librat model. One soil were taken from Price (1990)’s basic functions, 

representing a bright soil spectras.  A dry soil spectra from a test site in Eastern 

Germany was used, representing a loamy Chernozems soil dried in the laboratory. 

Four soils were taken from the ASTER Version 2.0 Spectral Library, which compiles 

spectral data on 69 different soils (Baldridge et al., 2009). The soils were chosen to 

represent different soil types with difference absorption components, representing 

four very different soil spectras, which can be found in Table 4.4. Figure 4.3.1 shows 

the soil spectra for each of the ASTER soils. The effect of drying soil is apparent as it 

reduces water absorption. The preparation of soil spectrums for librat input is outlined 

in Appendix B. 

 

 
Table 4-3. Characteristics of ASTER soil spectra 
 Black Loam Brown to dark 

brown clay 
Dark reddish 
brown, organic-
rich silty loam 

White gypsum 
dune sand 

Description Moderate fine 
granular structure, 
soft, neutral pH 

Moderate to coarse 
structure, hard, 
friable and sticky 

Acidic (pH 4.0) 
taken from parent 
material of 
volcanic ash  

Single grain loose 
sand with eolian 
parent material 

Soil structure 6.64% organic 
carbon, 7.75% 
clay, 45.9% silt, 
36.6% sand  

1.40% organic 
carbon, 1.3% 
extractable Fe, 
38.2% clay, 27.4% 
silt and 34.4% 
sand 

28.5% organic 
carbon, 0.04% 
clay, 99.96% silt 

100% sand 

Soil class Mollisol Vertisol Spodosol Entisol 
Soil subclass Cryoboroll Chromoxeret Cryohumod Torripsamment 
Wavelength 
range 

0-14µm 0-14µm 0-14µm 0-14µm 

Measurement Directional (10°) 
hemispherical 
reflectance 

Directional (10°) 
hemispherical 
reflectance 

Directional (10°) 
hemispherical 
reflectance 

Directional (10°) 
hemispherical 
reflectance 

 



 19 

 
Figure 4.3-1. Soil spectra for bright, dry and ASTER soils 

 

4.3.3 Heterogeneous canopy scenes 

 

Two abstract anisotropic heterogeneous canopies were explored from RAMI-IV; 

HET12 and HET22, representing medium and high-density canopies respectively. 

Both are composed of identical non-overlapping spheres, comprised of similar disc-

shaped scatterers of the homogeneous canopy. The spheres are designed to represent 

individual plant crowns and are located over and only partially cover the same non-

lambertian horizontal plane as HOM25. RAMI provides an ASCII file with radius R, 

centre coordinates and direction cosines of every single leaf in a sphere with centre 

coordinates 0,0,0 [x,y,z]. Sphere radius’ are set to 0.5m, with a sphere centre located 

at 0.51

€ 

±  0.0001m above the plane, with random height distribution. The orientation 

of the normals of the discs follows a uniform (spherical) distribution function, defined 

as the probability of a photon to be intercepted by a leaf is independent of the 

directional in which radiation is travelling. Detailed characteristics on the original 

scenes can be found in Table 4.5, and their diagrammatic representations found in 

Figures 4.3.2 and 4.3.3 for HET12 and HET22 respectively.  
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Table 4-4. Characteristics of RAMI HET12 and HET22 canopy scenes 
 HET12 HET22 
Lines of format 49999 49999 
File size ~2.7 Mbytes ~2.7 Mbytes 
Canopy section  25 × 25 [m × m] 25 x 25 [m × m] 

( X × Y × Z) 101.0 × 101.0 × 1.01 [m × m × 
m] 

101.0 × 101.0 × 1.01 [m × m × 
m] 

(Xmin, Ymin, Zmin) −50.5, −50.5, 0.0 [m, m, m] −50.5, −50.5, 0.0 [m, m, m] 

(Xmax, Ymax, Zmax) +50.5, +50.5, 1.0101 [m, m, m] +50.5, +50.5, 1.0101 [m, m, 
m] 

Scatterer shape Disc of negligible thickness Disc of negligible thickness 
Scatterer radius 0.005 [m] 0.005 [m] 
LAI of individual sphere 5.0 5.0 
Scatterer normal distribution Uniform Uniform 
Foliage scattering law Bi-Lambertian Bi-Lambertian 
Scatterer Normal Distribution Uniform/Sperical Uniform/Sperical 
Number of spheres 2547 5093 
Fractional scene area coverage of 
spheres 0.1961 0.3921 

Sphere radius 0.5 [m] 0.5 [m] 
Minimum sphere centre height 0.5099 [m] 0.5099 [m] 
Maximum sphere centre height 0.5101 [m] 0.5101 [m] 
Background BRF pattern Non-Lambertian Non-Lambertian 
 
 
 

 
Figure 4.3-2. RAMI HET12 canopy scene 
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Figure 4.3-3. RAMI HET22 canopy scene 

 
 
 

4.3.4 Leaf Area Index (LAI) 

 

Mõttus (2007) explained that LAI affects the parameters in the model outlined in 

Equation 12, therefore LAI is likely to effect DASF. Additionally, DASF is a 

structural term that encompasses the combined contribution of the shape and size of 

trees, their spatial distribution, the distribution of foliage elements within each tree 

and leaf surface properties (Knyazikhin et al 2013). These factors are tightly coupled 

with LAI, therefore LAI will influence DASF. For a homogeneous canopy, LAI can 

be calculated using:  

€ 

LAI =
πr2N
A      (14) 

 

where A is the canopy section area (25m x 25m), N the number of leaves (79577) and 

r the radius of the leaf. For a heterogeneous canopy, LAI is calculated for each sphere 

using: 

€ 

LAI =
πr2N
πrs

2
     (15) 
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where rs determines the radius of the sphere, which is set to 0.5m and N is set to 

49999. LAI was varied by adjusting the disc radius required to produce a specific 

LAI. LAI was varied from 1-10 in steps in 1. Disk radius’ used to formulate each 

canopy LAI scene can be found in Table 4.6.  

 
 

4.4 MCRT simulations 
 

To improve efficiency in librat simulations, bounding boxes were used to ensure that 

if a ray doesn’t intersect a bounding box, the contents of the box are not tested for ray 

intersection (Lewis., 1999). To comply with assumptions on energy conservation, 

each 25m x 25m scene was cloned and placed round the initial scene. This process 

was repeated to create a virtual scene area of 2.25km.  

 

Given the outlined inputs, librat was run using the options and commands outlined in 

Appendix A. A hyperspectral wavebands file was generated for the optical domain, 

spanning 400-2400nm in steps of 4 wavebands as the waveband file input. librat 

output is provided as a radiance term as a function of 100 scattering orders for each 

waveband. To convert these components to reflectance, radiance from all scattering 

orders was summed, and reflectance from a flat white lambertian panel simulated 

under identical solar and view angles, and wavebands as the canopy scenes and used 

to normalise the MCRT outputs.  

 
Table 4-5. Disk radius' required to generate LAI 1-10 for HOM25, HET12 and HET22 canopies 

LAI Disk Radius (m) 
 HOM25 HET12 HET22 

1 0.0500 0.0022 0.0022 
2 0.0707 0.0032 0.0032 
3 0.0866 0.0039 0.0039 
4 0.1000 0.0045 0.0045 
5 0.1118 0.0050 0.0050 
6 0.1225 0.0055 0.0055 
7 0.1323 0.0059 0.0059 
8 0.1414 0.0063 0.0063 
9 0.1500 0.0067 0.0067 

10 0.1581 0.1950 0.1950 
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4.5 Leaf single scattering albedo 
 

To achieve Objectives 2 and 3, the ‘wrong’ ω was simulated in PROSPECT using 

absorption coefficients defined in Table 4.3. Accordingly, the wrong ω is simulated 

through doubling the chlorophyll, dry matter and water absorption parameters to 

generate a wrong ω with relative proportions as true ω. 

 

4.6 DASF and W  
 

Following the theory outlined in Section 2.4, DASF can be calculated through two 

slightly different methods: 

 

1. Calculate the leaf single scattering albedo  

2. Given the BRF measured using librat simulations: 

a. Plot values of ω against BRF (Lewis et al., 2007) 

b. Plot values of the ratio BRF/ω vs BRF to obtain a linear relationship 

(Knyazikhin et al., 2013) 

3. Determine parameters 

€ 

a  and 

€ 

p  

4. Calculate DASF using the ratio 

€ 

a(1− p) 

5. Extract total canopy scattering (

€ 

W ) by BRF/DASF 

 

A python script was developed and written to compute DASF, found in Appendix C. 

DASF was extracted using both the full spectral interval (400-2400nm) and from the 

710-790nm region. DASF extracted from 710-790nm is termed DASF710.  

 

In order to examine DASF fully, the parameters that it depends on are investigated in 

detail, which requires comparison against ‘true’ estimates of these parameters. Given 

that 

€ 

a  is a geometric term that expressed the effect of interception and escape 

probabilities for first-order interactions, an ‘explicit’ 

€ 

a  (

€ 

aexp) can be computed from 

the first-order scattering output (S1) and ω: 

 

€ 

aexp =
S1
ω      (16)
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Interception and escape probabilities are dependent on leaf reflectance and 

transmittance, therefore 

€ 

aexp  is likely to depend on the asymmetry of reflectance and 

transmittance, which varies spectrally. The definition of recollision probability 

(Smolander and Stenberg, 2005) can be applied separately for each order of 

interaction for each waveband or averaged over all interactions for each waveband. 

The latter expresses an ‘effective’ 

€ 

p  (

€ 

peff ) which can be calculated using an inversion 

of Equation 12: 

€ 

peff =
1− aω

ρ
ω      (17) 

 

€ 

peff  is expected to vary with wavelength due to different scattering and absorption 

processes occurring at different wavelengths. 

 

4.7 Total Canopy Scattering 
 

DASF from full spectral interval and 710-790nm corrects BRF data for canopy 

structural effects to estimate total canopy scattering, 

€ 

W and 

€ 

W710 for total canopy 

scattering reconstructed from DASF and DASF710 respectively. To test whether 

€ 

W  

can be accurately reconstructed, it was compared against true total canopy scattering, 

€ 

WT . 

€ 

WT  is simulated concurrently with each MCRT simulation for a specific scene 

and Leaf Area Index (LAI), and are illuminated and observed under identical 

geometric conditions. The plane that underlies each canopy scene is removed to 

predict 

€ 

WT , therefore radiation effectively hits the non-existent plane and 

immediately re-enters the scene. Directional-hemispherical 

€ 

WT  (diffuse output of 

librat) is used, and normalised using a flat white lambertian planel. When analysing 

€ 

WT  and 

€ 

W , identical VZAs are used.  

 

 

The sum of squared errors (SSE) was used as a measure of discrepancy between

€ 

WT  

and 

€ 

W : 
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€ 

SSE = (yi − ˆ y i)
2

i=1

n

∑
         (18)

 

 

where 

€ 

yi represents the measured data (

€ 

WT ) and 

€ 

ˆ y i represents the modelled data (

€ 

W  

or 

€ 

W710). Once 

€ 

W  is simulated it is possible to work out a ‘canopy scattering p’ (

€ 

pW ) 

from Equation 10 of canopy scattering: 

 

€ 

pW =
1−W

ω
1−W                  (19)
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5 Results 
 
 

5.1 Known single scattering albedo 
 
Results are firstly presented for known single scattering albedo, under baseline and 

departure conditions.  

 

5.1.1 Homogeneous baseline experiment 

 

Figure 5.1.1 shows the decay of total scattering (%) with respect to scattering order 

for the homogeneous scene at LAI of 3 with black soil under directional-

hemispherical reflectance at a VZA of 45° and under assumptions of equal leaf 

reflectance and transmittance asymmetry. In log space, for a wavelength at 840nm, 

the scattering contribution decreases with scattering order, and decreases more rapidly 

for the first two scattering orders, reaching a threshold of 29 scattering orders. The 

decrease in scattering contribution with scattering order is shown in Figure 5.1.2, 

where the first scattering order clearly contributes the most, then contributions 

gradually reduce with scattering order. The consequences of this specific pattern is 

that reflectance can be computed by adding up the contribution of all scattering 

orders, and therefore reflectance can be modelled using spectral invariant theory, 

which states that canopy scattering can be defined by the sum of scattering terms. 
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Figure 5.1-1. Decay of scattering contribution with respect to scattering order 

 
Figure 5.1-2. Decrease in scattering contribution for scattering orders 

 

Figure 5.1.3 shows reflectance (ρ), leaf single scattering albedo (ω), leaf reflectance (

€ 

ρl) and leaf transmittance (

€ 

τ l ) for homogeneous baseline scene. The variation in 

these spectral properties depends on leaf biochemical composition and structure. The 

model of reflectance expressed by Lewis et al (2006) was used to calculate DASF. 

The model fit to reflectance measurements can be found in Figure 5.1.4 as function of 

single scattering albedo. Modelled reflectance fits well to measured reflectance values 
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with an R2 value of 0.98. Model parameters are predicted at 0.24 and 0.59 for 

€ 

a  and 

€ 

p  respectively, which can therefore be used to calculate a DASF of 0.57.  

 

 

 
Figure 5.1-3. Reflectance, ω and leaf reflectance/transmittance 

 

 
Figure 5.1-4. Modelled and measured reflectance for full optical domain 
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Presenting 

€ 

a and 

€ 

aexp  with respect to wavelength (Figure 5.1.5) demonstrates that 

firstly neither vary with wavelength due to equal leaf asymmetry, and secondly, a is 

predicted fairly well. Figure 5.1.6 shows

€ 

p , 

€ 

peff  and ω. 

€ 

peff  is spectrally variant, 

weakly following the shape of that defined by leaf optical properties, shown through 

comparison to ω. At scattering wavelengths, there is a higher probability that a photon 

will interact again, and vice versa for absorbing wavelengths. The model of 

reflectance consistently over-estimates recollision probability in comparison to it’s 

effective value calculated from measured data only.  

 

 
Figure 5.1-5. a and aexp variation with wavelength 

 

 
Figure 5.1-6. p, peff and ω variation with wavelength 
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DASF is used to correct reflectance (BRF) for structural effects to predict total 

canopy scattering, 

€ 

W . Figure 5.1.7 displays the spectra of 

€ 

W , which mimics the 

shape of ω, but is consistently lower, further demonstrated in Figure 5.1.8. During 

wavelengths of rapid change in reflectance, specifically 710-750nm, the total canopy 

scattering is much closer to ω.  

 

 

 
Figure 5.1-7. Disparity of W with ω 

 

 
Figure 5.1-8. W with respect to ω relationship 
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The ratio 

€ 

W /ω represents the probability that a scattered photon escapes the canopy 

layer as a result of multiple interactions, due to the fact that 

€ 

W  additionally depends 

on absorption from within canopy photon multiple interactions, which causes the 

disparity between 

€ 

W  and ω. The ratio (Figure 5.1.9) shows that in strongly scattering 

regions of the spectrum there is a higher probability that a scattered photon that 

escapes is a result of multiple interactions.  

 

DASF can be extracted from information in the 710-790nm region alone. Figure 

5.1.10 represents the modelled reflectance and measured reflectance with respect to 

ω. 

€ 

a  is predicted slightly lower than DASF from the full optical region (0.24) at 0.22, 

€ 

p  is predicted higher at 0.62 in comparison to 0.59. DASF from the 710-790nm 

region (DASF710) is predicted at 0.58 in comparison to 0.57 for full optical spectral 

region.  

 

 

 

 
Figure 5.1-9. Variation of W/ω ratio with wavelength 
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Figure 5.1.11 displays 

€ 

pWwith respect to wavelength. In contrast to 

€ 

pW  extracted 

from 

€ 

W  from the whole optical domain, 

€ 

pW  from the 710-790nm spectral interval 

mimics the normal leaf optical spectra around the NIR region. Figure 5.1.12 shows 

€ 

W  reconstructed using DASF710 (

€ 

W710) and ω with respect to wavelength. Total 

canopy scattering is predicted well but consistently overestimated. DASF710 predicts 

total canopy scattering slightly better than DASF from the whole optical domain. SSE 

values were predicted at 0.64 and 0.45 for 

€ 

W and 

€ 

W710 respectively. 

 
Figure 5.1-10.  Modelled and measured reflectance for 710-790nm region alone. 

 
Figure 5.1-11. p, peff and pW for full and 710-790nm regions 



 33 

 

 
Figure 5.1-12. Accuracy of W and W710 compared to WT 

  

5.1.1.1 DASF Method 2  
 
 
 
The second model of reflectance outlined in Knyazikhin et al (2013) was applied to 

the same canopy. DASF was predicted the same, whilst 

€ 

a  was predicted at 0.25 in 

comparison to 0.24 for first model of reflectance, and 

€ 

p was predicted at 0.56 in 

comparison to 0.59 (Figure 5.1.13). Figure 5.1.14 shows the extraction of 

€ 

W for the 

first method 

€ 

W (1) and the second method 

€ 

W (2). With an SSE value of 0.99 between 

€ 

W and WT  for the second method in comparison to 0.64 for Lewis et al’s (2007) 

model of reflectance, the latter extracts 

€ 

W more reliably, and hence used from this 

point on to extract DASF. 
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Figure 5.1-13. Modelled and measured reflectance using Knyazikhin et al's (2013) method 

 
 

 
Figure 5.1-14. Extraction of W from both methods compared to WT 

 
 

5.1.2 Heterogeneous baseline experiment 

 

The reflectance (BRF) signal from a heterogeneous canopy can be found in Figure 

5.1.15, representing fairly low reflectance value. Figure 5.1.16 demonstrates that 

modelled reflectance fits well to measured reflectance, with an R2 value of 0.986. 

€ 

a  is 

predicted at 0.05, which is significantly lower to values found in  the homogeneous 

case.

€ 

p is predicted at 0.54, showing similar values to homogeneous case. DASF is 
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predicted at 0.11, which is substantially lower to DASF values found for 

homogeneous case. Further examination of the parameters predicted shows that 

€ 

a is 

predicted close to 

€ 

aexp . 

 

 
Figure 5.1-15. Reflectance, ω and leaf reflectance/transmittance for heterogeneous canopy 

 

 
Figure 5.1-16. Modelled and measured reflectance for heterogeneous canopy 
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€ 

peff  varies slightly with wavelength, where p is consistently overestimated (Figure 

5.2.17). However in comparison to homogeneous cases,

€ 

p  appears to be predicted 

closer to

€ 

peff . Figure 5.1.18 shows 

€ 

W and W710 in comparison to 

€ 

WT  simulated for the 

same heterogeneous canopy. The method of using DASF predicts total canopy 

scattering very precisely. SSE values show that 

€ 

W710 is slightly more accurate with an 

SSE of 0.021 in comparison to 0.028 for 

€ 

W from the optical domain.  

 

 
Figure 5.1-17.  p, peff and ω for heterogeneous canopy 

 

 

  
Figure 5.1-18. W and W710 retrieval compared to WT 



 37 

5.1.3 View Zenith Angle 
 
 
As surface reflectance is a function of viewing and illumination angles, the 

reflectance changes with VZA, which can be observed in Figure 5.1.19.  For each 

VZA, 

€ 

a, 

€ 

p , DASF and 

€ 

W were predicted for homogeneous and heterogeneous 

canopies. Figure 5.1.20a shows that 

€ 

a is stable with VZA until 75º, but is 

overestimated for homogeneous canopy, whereas it is predicted accurately for 

heterogeneous canopy in Figure 5.1.20b. Figure 5.1.20c-d shows that while

€ 

p  is stable 

with VZA, it is significantly underestimated compared to

€ 

peff . The combined impact 

of 

€ 

a  and 

€ 

p variation with VZA on the calculation of DASF is shown in Figure 

5.1.20e and Figure 5.1.20f. Both canopies show that DASF varies with VZA in the 

same pattern.  

 

Table 5.1 shows SSE values for between 

€ 

W and 

€ 

WT  for homogeneous and 

heterogeneous canopies, where accuracy of extraction changes little with VZA, but is 

significantly more accurate in heterogeneous canopies.. Figure 5.1.21a-b shows that 

€ 

W  is stable with VZA for both homogeneous and heterogeneous canopies. 

 

 

 

 

 
Figure 5.1-19. Reflectance spectra for VZAs 0-75º 
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Figure 5.1-20. a) a (homogeneous), b) a (heterogeneous), c) p (homogeneous), d) p (heterogeneous), e) DASF 
(heterogeneous), f) DASF (homogeneous) 

 

 

 
a 

 
b

 

  
a 

 
c 

 
d 

 
 
e 

 
 
f 
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      Table 5-1. SSE values VZAs for homogeneous and heterogeneous canopies 
VZA (°) Homogeneous Heterogeneous 

0 0.68 0.05 
15 0.66 0.05 
30 0.66 0.04 
45 0.64 0.03 
60 0.64 0.02 
75 0.76 0.02 

 
 
 

  
Figure 5.1-21. W for all VZAs for a) homogeneous and b) heterogeneous canopies 

 

5.1.4 Bidirectional reflectance 
 
 
Figure 5.1.22a shows 

€ 

a  varies with for homogeneous canopy but for heterogeneous 

canopy (Figure 5.1.22b), a is fairly stable with SZA and is predicted well compared to 

€ 

aexp . Figure 5.1.22c-d shows that both 

€ 

p  and 

€ 

peff  gradually increase with SZA for 

both canopies, however p appears to be consistently overestimated in comparison to 

€ 

peff . The combined result of the variation of these parameters on DASF prediction is 

shown in Figure 5.1.22c. DASF is very stable for heterogeneous canopy, and varies 

more for homogeneous canopy. 

€ 

W appears fairly stable under bidirectional-

reflectance (Figure 5.1.23). Table 5.2 shows SSE values for each SZA between W and 

€ 

WT  for homogeneous and heterogeneous canopies. SSE values are lowest at SZAs of 

0 and 15°, and greatest at 45°. However this is likely due to the VZA being set to 45°, 

demonstrating the ‘hotspot’ effect. 

 

 

 

 
a 

 
b 
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Table 5-2. SSE values for varying SZA for homogeneous and heterogeneous canopies 

SZA (°) Homogeneous Heterogeneous 
0 0.71 0.11 

15 0.97 0.24 
30 1.41 0.42 
45 3.21 1.89 
60 1.39 0.40 
75 1.10 0.24 

 

 
Figure 5.1-22. a) a (homogeneous), b) a (heterogeneous), c) p (homogeneous), d) p (heterogeneous), e) DASF 
(heterogeneous), f) DASF (homogeneous) 

b a 

c d 

e f 
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Figure 5.1-23. W for SZAs 0-75 for a) homogeneous and b) heterogeneous scenes 

 

5.1.5 LAI  

5.1.5.1 Homogeneous 
 
 
The effect of changing LAI on 

€ 

a and 

€ 

p  can be found in Figures 5.1.24a and 5.1.24b 

respectively. For 

€ 

a, increasing LAI from 1 to 2 causes a rapid increase in a, then a 

gradual increase occurs.

€ 

p increases with LAI until it saturates at approximately 0.65 

around an LAI of 7. 

€ 

peff  also saturates, however at 0.45 at an LAI of 3 then starts to 

decline. DASF changes a substantial amount with LAI, where DASF increases more 

rapidly around lower LAIs, demonstrated in Figure 5.2.24c. Figure 5.1.25 shows the 

W increasingly departs from ω with increasing LAI. Figure 5.1.26 shows 

€ 

W and 

€ 

W710 

extracted for LAIs of 1, 3, 5 and 10 in comparison to 

€ 

WT . With increasing LAI 

€ 

W  

departs from 

€ 

WT . This is further supported through looking at the SSE values for in 

Table 5.3, where SSE increases with LAI. Clearly W710 consistently predicts 

€ 

W  better 

than from the full optical spectral region. 

 
   Table 5-3. SSE between WT and W or W710 for LAI 1-10 

LAI SSE (W) SSE (W710) 
1 0.03 0.02 
2 0.25 0.19 
3 0.81 0.59 
4 1.74 1.21 
5 2.76 1.85 
6 3.86 2.53 
7 4.94 3.25 
8 5.73 3.74 
9 6.64 4.41 

10 7.15 4.76 

b a 
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Figure 5.1-24. a) a parameters, b) p parameters and c) DASF 

 

a 

b 

  c 
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Figure 5.1-25. W and ω for LAI 1, 3, 5 and 10 canopies 

 

 
Figure 5.1-26. W and W710 comapred to WT for LAI 1, 3, 5 and 10 
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5.1.5.2 Heterogeneous 

The effect of changing LAI on 

€ 

a and p can be found in Figures 5.1.27a and 5.2.27b 

respectively. From an LAI of 3, a is predicted less accurately in comparison to

€ 

aexp .

€ 

p  

increases with LAI until it saturates at approximately 0.73. Figure 5.1.27c shows that 

DASF increases with LAI, but the rate of increase is higher for lower LAIs, where it 

then begins to saturate at higher LAIs. Figure 5.1.28 shows 

€ 

W and 

€ 

W710 extracted for 

LAIs of 1, 3, 5 and 10 in comparison to 

€ 

WT . With increasing LAI W departs from 

€ 

WT , 

as a result of changing DASF and reflectance. This is further supported through 

looking at the SSE values for in Table 5.4.  

Figure 5.1-27. a) a parameters, b) p parameters and c) DASF 
 
 

a 

b 

   c 
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   Table 5-4. SSE values between W and W710 for LAIs 1-10 

LAI SSE (W) SSE (W710) 
1 0.00 0.00 
2 0.01 0.01 
3 0.08 0.06 
4 0.15 0.11 
5 0.22 0.15 
6 0.39 0.25 
7 0.58 0.35 
8 0.82 0.49 
9 1.04 0.62 

10 1.28 0.75 
 
 

 
Figure 5.1-28. W and W710 comapred to WT for LAI 1, 3, 5 and 10 for heterogeneous canopy 

 

5.1.6 Soil  
 

5.1.6.1 Homogeneous 
 
The reflectance model was shown to break down at an LAI of 1, predicting a high 

DASF. Figure 5.1.29 shows that this breakdown for black loam is not sudden at an 

LAI of 1, and that it is a gradual breakdown. Figure 5.30 shows modelled reflectance 

for reflectance with ASTER black loam soil scattering for LAIs 1, 3, 5 and 10. 
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Figure 5.1-29. Modelled and measured reflectance for LAIs 0.5, 0.75, 1, 1.25, 1.5, 2, 2.5, 3 for black loam soil 
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Figure 5.1-30. Modelled and measured reflectance for LAI 1, 3, 5 and 10 for black loam soil 
 

The extraction of 

€ 

W  for LAIs of 1, 3, 5 and 10 with black loam soil scattering 

impacts is shown in Figure 5.1.31, using Lewis et al’s (2007) method of modelling 

reflectance. 

€ 

W is reconstructed best at an LAI of 3, then begins to break down with 

increasing LAI. Additionally, soil scattering spectra evidently impacts LAI of 1, as 

€ 

W

is a very different shape. Results for SSE values between 

€ 

W  and 

€ 

WT  can be found for 

all soils investigated for LAIs 1, 3, 5 and 10 in Table 5.5. ASTER soils, Price’s bright 

soil and dry soil show a similar response to black loam, due to the homogeneous 

nature of the canopy.  

 

 
Table 5-5. SSE values for ASTER and Price soils for LAI 1, 3, 5 and 10 

 Black loam Brown clay Red silty-loam White gypsum Bright Dry 
1 5.88 7.68 5.51 6.42 7.68 4.39 
3 0.43 0.41 0.23 1.16 0.41 0.08 
5 1.97 1.86 1.69 0.57 1.86 0.99 
10 6.29 6.35 6.24 5.98 6.35 6.18 
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Figure 5.1-31. W and WT for LAIs 1, 3, 5 and 10 for black loam soil 

 

5.1.6.2 Heterogeneous 
 

Soil scattering has a larger impact on the extraction of DASF and 

€ 

W of heterogeneous 

canopies. Breakdown of spectral invariant theory to predict reflectance when the 

reflectance signal is contaminated by soil can be observed in Figure 5.2.32. Table 5.6 

shows SSE values between 

€ 

W  and WT for medium and high-density heterogeneous 

canopies respectively.  

 
Table 5-6. SSE values for HET12 and HET22 canopies for ASTER and Price soils 

 Black loam Brown clay Red silty-loam White gypsum Bright Dry 
HET12       
1 150.42 92.74 115.08 18.90 92.74 115.86 
3 112.78 85.66 95.66 14.05 85.66 112.68 
5 108.22 90.88 97.45 14.82 90.88 123.57 
10 119.55 107.88 114.13 21.74 107.89 152.06 
       
HET22       
1 84.55 114.00 69.02 12.16 62.36 77.99 
3 198.60 270.18 139.01 4.78 33.03 38.32 
5 212.22 283.41 151.55 3.22 28.17 33.49 
10 251.71 322.54 188.15 5.04 33.02 43.46 
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For black loam, brown clay and red silty-loam soils, there appears to be higher SSEs 

in comparison to the other soils which would most likely cause more disparity 

between 

€ 

W  and 

€ 

WT . For bright and dry soils, lower SSE value are found in the higher 

density heterogeneous case. This is further demonstrated in comparisons of 

€ 

W  and 

€ 

WT  for black loam, white gypsum, bright and dry soils (Figures 5.2.33-36).  

 

 

 

 
Figure 5.1-32. Modelled reflectance for HET12 canopy with black loam soil 
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Figure 5.1-33. Extracted W for black soil in comparison to WT 

 

 
Figure 5.1-34. Extracted W for white gypsum in comparison to WT 
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Figure 5.1-35. Extracted W for bright soil in comparison to WT 

 
Figure 5.1-36. Extracted W for dry soil in comparison to WT 
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5.2 Wrong single scattering albedo 

5.2.1 Homogeneous baseline experiment 

 

A comparison of the ‘correct’ and ‘wrong’ ω can be found in Figures 5.2.1 and 5.2.2. 

Doubling the biochemical constituents that cause absorption at different parts of the 

spectra (Section 5.1.1) causes the wrong ω to mimic the shape of the correct ω at a 

lower magnitude, due to increased absorption from increases in biochemical 

constituents.  

 

 
Figure 5.2-1. Correct and 'wrong' ω 

 
 

 
Figure 5.2-2. Wrong ω as a function of ‘true’ ω 
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Figure 5.2.3 shows the modelled reflectance and measured reflectance with respect to 

the wrong ω, and the model parameters and DASF predicted. Reflectance is predicted 

well with an R2 of 0.96, the prediction of 

€ 

a at 0.53 and 

€ 

p  at 0.04 is clearly wrong 

despite a similar prediction of DASF (0.56) when the correct ω is input into the model 

(0.57).  Figure 5.2.4a shows that under conditions of unknown ω, 

€ 

aexp  varies 

significantly with wavelength. The calculation of 

€ 

peff  shows that effective 

probabilities of recollision reach almost 1.2 (Figure 5.2.4b), which is clearly incorrect. 

Additionally the spectral profile of 

€ 

peff  shows no similarity to that of ω, and is 

substantially different to the predicted p. Comparisons of wrong and ‘true’ ω are 

found in Table 5.7. 

 
Table 5-7. Parameters, DASF and SSE for correct and both wrong ω for full and 710-790nm spectral 
region (Heterogeneous) 

 Homogeneous (400-2400nm) Homogeneous (710-790nm) 
 Correct  Wrong  Correct  Wrong  
a 0.24 0.53 0.22 0.45 
p 0.59 0.04 0.62 0.21 
DASF 0.57 0.56 0.58 0.57 
SSE 0.64 1.12 0.45 0.50 

 

 

 
Figure 5.2-3. Modelled reflectance for homogeneous canopy with wrong ω 
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Figure 5.2-4. a) a parameters, b) p parameters 

 

 

Figure 5.2.5 shows that total canopy scattering appears to reconstruct the wrong ω. 

Figure 5.2.6 shows that 

€ 

W and 

€ 

W710 are consistently overestimated. DASF710 predicts 

total canopy scattering better than DASF from the whole optical domain. SSE values 

were predicted at 1.12 and 0.45 for 

€ 

W and 

€ 

W710 respectively, which supports that 

€ 

W710 predicts 

€ 

WT  better. 

  b 

  a 
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Figure 5.2-5. Extracted W reconstructs the wrong ω 

 

 
Figure 5.2-6. W and W710 extracted in comparison to WT 

 

5.2.2 Heterogeneous baseline experiment 

 

Figure 5.2.7 shows the modelled and measured reflectance with respect to the wrong 

ω, where the modelled reflectance fits fairly well. Whilst the DASF predicted is 

expected (0.11), predicted recollision probability is clearly wrong with a negative 

probability of -0.08. Total canopy scattering extracted from DASF from the wrong ω 
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can be found in Figure 5.2.8. 

€ 

W follows ω closely, suggesting that for the wrong ω, 

€ 

W may in fact reconstruct ω. 

 

 
Figure 5.2-7. Modelled reflectance for heterogeneous canopy with the wrong ω 

 

 
Figure 5.2-8. W appears to reconstruct ω 
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Figure 5.2.9a and Figure 5.2.9b shows an investigation into the model parameters 

through comparison with 

€ 

aexp  and 

€ 

peff  respectively. Despite assumptions of equal leaf 

reflectance/transmittance, 

€ 

aexp  still varies with wavelength. 

€ 

peff  reaches probabilities 

of ~1.4 causing 

€ 

p  to be considerably underestimated. The total canopy scattering 

reconstructed from DASF and DASF710 can be found in Figure 5.2.10, in comparison 

to 

€ 

WT . Whilst 

€ 

W and W710 are both predicted accurately in comparison to 

€ 

WT , with 

SSE value of 0.19 0.03, clearly DASF710 predicts total canopy scattering better, 

particularly around the NIR spectral interval. Comparisons of wrong and ‘true’ ω can 

be found in Table 5.8. 

 

 

 

 
Figure 5.2-9. a) a parameters and b) p parameters for heterogeneous canopy for wrong ω 

  a 

  b 
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Figure 5.2-10. W and W710 reconstructed in comparison to WT 

 
 

Table 5-8. Parameters, DASF and SSE for correct and both wrong ω for full and 710-790nm spectral 
region (Homogeneous) 

 Heterogeneous (400-2400nm) Heterogeneous (710-790nm) 
 Correct  Wrong  Correct  Wrong  
a 0.05 0.10 0.05 0.12 
p 0.55 0.07 0.54 -0.08 
DASF 0.11 0.11 0.11 0.11 
SSE 0.02 0.03 0.03 0.019 

 
 
 
 

5.2.3 View Zenith Angle 
 
 

€ 

W shows very little variation with VZA, demonstrating stability in 

€ 

W with respect to 

viewing geometry, despite the wrong ω for homogeneous (Figure 5.2.11) and 

heterogeneous (Figure 5.2.12) canopies. Table 5.9 shows SSE values between 

€ 

W and 

€ 

WT  for homogeneous and heterogeneous canopies. The heterogeneous canopy 

extracts 

€ 

W  more reliably than homogeneous, however both are relatively accurate. 
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      Table 5-9. SSEs for VZAs for homogeneous and heterogeneous canopies 

VZA (°) Homogeneous Heterogeneous 
0 1.17 0.23 

15 1.15 0.23 
30 1.15 0.20 
45 1.12 0.19 
60 1.11 0.18 
75 1.26 0.17 

 

 

 
Figure 5.2-11. W for all VZAs for homogeneous canopies using wrong ω 

 
Figure 5.2-12. W for all VZAs for heterogeneous canopy using wrong ω 
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5.2.4 Bidirectional reflectance 
 
 

The impact of varying DASF with bidirectional reflectance has little effect on the 

reconstruction of W, which can be observed in Figure 5.2.13 and Figure 5.2.14 for 

homogeneous and heterogeneous canopies respectively. Table 5.10 shows SSE values 

between 

€ 

W and WT for homogeneous and heterogeneous canopies.  

 

 
      Table 5-10. SSE values for varying SZA for homogeneous and heterogeneous canopies 

SZA (°) Homogeneous Heterogeneous 
0 1.21 0.33 

15 1.52 0.54 
30 2.10 0.78 
45 4.14 2.58 
60 2.03 0.76 
75 1.68 0.53 

 
 
 

  
Figure 5.2-13. W for varying SZA for homogeneous canopy 
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Figure 5.2-14. W for varying SZA for homogeneous canopy 

 

5.2.5 LAI 

5.2.5.1 Homogeneous 
 
 
Table 5.11 shows SSE values for LAI on the reconstruction of 

€ 

WT  and the impact of 

wrong ω. Figure 5.2.15 shows that with increasing LAI, the ability of the predicted W 

the be reconstructed accurately decreases, where at an LAI of 1, there are some very 

large differences between 

€ 

W  and 

€ 

WT .  

 

 

 
Table 5-11. SSE  values for LAI 1-10 for correct and wrong ω 

 SSE 
LAI Homogeneous (true ω) Homogeneous (wrong ω) 

1 0.71 0.18 
2 0.97 0.57 
3 1.41 1.33 
4 3.21 2.49 
5 1.39 3.72 
6 1.10 5.01 
7 0.71 6.25 
8 0.97 7.15 
9 1.41 8.17 

10 3.21 8.75 
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Figure 5.2-15. W and W710 comapred to WT for LAI 1, 3, 5 and 10 for wrong ω 

 

5.2.5.2 Heterogeneous 

 
Both Table 5.12, which demonstrates SSE values for correct ω and wrong ω for the 

reconstruction of WT, and Figure 5.2.16, which shows 

€ 

W and 

€ 

W710 in comparison to 

€ 

WT , shows an increased departure of 

€ 

W  and 

€ 

W710 for increasing LAI. 

 

 
Table 5-12. SSE values for heterogeneous canopy, LAIs 1-10 for true and wrong ω 

 SSE 
LAI Heterogeneous (true ω) Heterogeneous (wrong ω) 

1 0.03 0.10 
2 0.25 0.13 
3 0.81 0.28 
4 1.74 0.41 
5 2.76 0.54 
6 3.86 0.80 
7 4.94 1.07 
8 5.73 1.39 
9 6.64 1.69 

10 7.15 2.00 
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Figure 5.2-16. W and W710 comapred to WT for LAI 1, 3, 5 and 10 for heterogeneous canopy 

 
 

5.2.6 Soil 
 

5.2.6.1 Homogeneous 
 
Results for the wrong ω followed the same findings as the correct ω; soil 

contamination is evident in LAI of 1, causing the method to break down, as presented 

in Figure 5.2.17. SSE values were optimal at LAIs of 3 and 5 where 

€ 

W  was able to be 

retrieved relatively accurately. Table 5.13 supports this, presenting SSE values 

between 

€ 

W and 

€ 

WT  for soils and LAI.  

 

 
Table 5-13. SSE values between W and WT for soils and LAIs 1,3,5 and 10 

 Black loam Brown clay Red silty-loam White gypsum Bright Dry 
1 5.88 7.68 5.51 6.42 7.68 4.38 
3 0.43 0.41 0.23 1.16 0.41 0.09 
5 1.97 1.86 1.69 0.57 1.86 0.99 
10 6.29 6.35 6.24 5.98 6.35 6.18 
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Figure 5.2-17. Modelled reflectance for black loam soil, wrong ω and LAIs 1, 3, 5 and 10 

 

5.2.6.2 Heterogeneous 
 
 
Results from soil contamination of the reflectance signal indicate that under 

assumptions of the wrong ω, model parameters are predicted incorrectly for 

heterogeneous canopies. Example of the extraction of 

€ 

W for black loam, white 

gypsum, bright and dry soils can be found in Figures 5.2.18-5.2.21. Table 5.14 

supports this, presenting SSE values between 

€ 

W  and 

€ 

WT  for soils and LAI. 

 
Table 5-14. SSE values for different soils for HET12 and HET22 canopies 

 Black loam Brown clay Red silty-loam White gypsum Bright Dry 
HET12       
1 159.03 96.40 122.30 20.17 96.40 118.70 
3 120.33 89.67 102.39 15.44 89.66 117.92 
5 115.7 95.40 104.50 16.60 95.40 130.21 
10 128.06 113.36 122.40 24.28 113.36 160.06 
       
HET22       
1 90.14 120.61 73.97 12.72 65.38 82.29 
3 209.80 282.88 147.96 4.98 35.46 42.57 
5 224.65 297.22 161.48 3.63 30.59 37.35 
10 265.94 337.94 200.12 6.24 35.93 48.08 
 



 65 

 

 
Figure 5.2-18. Extracted W for black soil in comparison to WT using wrong ω 

 

 
Figure 5.2-19. Extracted W for white gypsum in comparison to WT using the wrong ω 
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Figure 5.2-20. Extracted W for bright soil in comparison to WT using wrong ω 

 

 
Figure 5.2-21. Extracted W for dry soil in comparison to WT using wrong  



 67 

6 Discussion 

6.1 Baseline experiments 
 

Results from Section 5.1.1 show that for directional-hemispherical reflectance, equal 

leaf reflectance and transmittance and black soil for a sufficiently dense homogeneous 

canopy, both DASF and total canopy scattering (

€ 

W ) can be reliably extracted from 

both the full optical domain (400-2400nm) and the 710-790nm spectral region. Two 

methods of reflectance modelling utilising spectral invariant theory were shown to 

reliably extract DASF (Knyazikhin et al., 2013; Lewis et al., 2007). The prediction of 

€ 

a, which incorporates the escape and interception probabilities for first-order 

scattering was accurate in comparison to an ‘explicit’

€ 

a. On the other hand, recollision 

probability was consistently overestimated throughout the full optical domain. For a 

homogeneous canopy, it was shown that whilst W can be predicted accurately in 

comparison to 

€ 

WT , it is consistently overestimated. Using the method used to 

construct 

€ 

W  it follows that an overestimation of 

€ 

W  can be caused by either 

overestimation of 

€ 

p or underestimation of 

€ 

a. Given that 

€ 

p has been found to 

overestimate in comparison to 

€ 

peff , this suggests that for a homogeneous canopy 

structure,

€ 

p  is overestimated. The most likely explanation for this is due to the 

assumption that

€ 

p  is constant with scattering order made throughout the spectral 

invariant approach.  

 

Results from Section 5.1.2 shows that under the same conditions for a heterogeneous 

canopy, DASF and 

€ 

W  can also be very accurately extracted from reflectance in both 

the optical and 710-790nm domains. Whilst it was found that in homogeneous 

canopies,

€ 

p  was overestimated, resulting in the overestimation of 

€ 

W , this is not the 

case for a heterogeneous canopy, whereby W is predicted very well for DASF 

extracted from both the optical and 710-790nm spectral intervals. The similarity 

between model parameters and ‘truth’ parameters (

€ 

aexp and 

€ 

peff ) presents a reason 

why 

€ 

W is likely reconstructed so well. 
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6.2 Departures 

6.2.1 View Zenith Angle  
 

Varying View Zenith Angle (VZA) predominantly influences 

€ 

a, whereby 

€ 

p is fairly 

stable with VZA. 

€ 

a  is dependent on escape and interaction probabilities of the first-

order interaction, where the viewing geometry will affect the escape probability as 

view geometry impacts the distribution of points of the first interaction. Additionally, 

the escape probability is defined as the probability that a photon will escape in a given 

direction, thus the viewing direction affects the sensor’s ability to detect escaped 

photons and will affect 

€ 

a , which is observed in both homogeneous and heterogeneous 

canopies. Despite this, DASF appeared fairly stable with VZA until 75º, and 

€ 

W was 

extracted stably under all VZAs. Theis suggest that DASF must be used in 

conjunction with 

€ 

W or care must be taken when analysing DASF as a parameter itself 

alone, as it is subject to influences from other factors than canopy structure. 

 

6.2.2 Bidirectional reflectance 
 

Both 

€ 

a and 

€ 

p  depended very weakly on SZA, causing DASF to vary a small amount 

with SZA. Smolander and Stenberg (2005) demonstrated that whilst

€ 

p  depends 

primarily on scattering phase function and extinction, their results showed that 

€ 

p  

depends weakly on the viewing geometry, which is confirmed in this study. (Figure 

6.1 for homogeneous canopy). The distribution of points of first interaction is 

influenced by SZA, which therefore influences 

€ 

a . DASF showed fairly different 

responses to bidirectional reflectance with homogeneous and heterogeneous canopies, 

however

€ 

W appeared fairly stable with SZAs of less that 60º, and responded similarly 

for both canopies. Interestingly, whilst 

€ 

a, p and DASF appeared not to be affected by 

the ‘hotspot’ effect where the view and solar zenith angles are the same, 

€ 

W was 

influenced by this well known vegetation canopy phenomenon, suggesting that 

bidirectional reflectance has important consequences for the extraction of 

€ 

W . Again, 

particularly for a homogeneous canopy, DASF is not as stable with VZA as 

€ 

W , 

therefore the point raised previously that care must be taken in analysing DASF alone 

is reiterated with the addition of bidirectional reflectance. 
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6.2.3 LAI  
 

The effect of canopy LAI is significant when utilising spectrally invariant models of 

canopy reflectance, specifically on the recollision probability. Considering that 

canopy LAI scenes were generated through varying disc radius size and assuming the 

same sphere radius, 

€ 

a  consequently stayed fairly stable with LAI, suggesting that the 

influence of canopy architecture is important. However, recollision probability is 

inherently coupled with LAI. Figure 5.1.24b shows the saturation of

€ 

p with LAI for a 

homogeneous canopy, and Figure 5.1.27b for a heterogeneous canopy. In comparison 

to results found by Lewis and Disney (2007) and Smolander and Stenberg (2005), 

€ 

p  

saturation occurs much lower in thus study for homogeneous canopy, at 0.65. Mõttus 

(2007) showed that recollision probability saturated at ~0.79 for heterogeneous 

canopies, demonstrating that saturation in this study also occurs much lower at 0.73. 

Mõttus et al (2007) also showed that whilst homogeneous canopies resulted in lower 

recollision probabilities, the saturation of homogeneous and heterogeneous canopies 

is the same. This has most likely not occurred in this study due to the method of 

generating LAI scenes through increasing disc radius size, whereby in the 

homogeneous canopy this creates a ‘big leaf’ effect. It is clear from the previously 

mentioned figures that variation in DASF with LAI is dependent on

€ 

p  rather than a, 

which causes a resulting saturation of 0.7 at an LAI of 7 for homogeneous canopy, 

and 0.12 at an LAI of 10 for heterogeneous canopy.  

 

Considering that ω describes leaf scattering, and that 

€ 

W  describes canopy scattering, 

discrepancies between 

€ 

W  and ω result from absorption from within-canopy photon 

multiple interactions. Kobayashi et al (2013) demonstrate that canopy scattering 

peaks at LAIs 1-2, then decreases with increasing LAI, which is supported here. 

Increasing the leaf area increases the probability of photon interaction with canopy 

elements until saturation begins to occur at higher LAIs. For LAIs of 1-2, the 

increases in recollision probability resulting in the scattering peak, therefore W 

appears to interpret ω rather than canopy scattering. From an LAI of 3, increasing 

foliage elements causes absorption from within-canopy photon multiple interactions 

to dominate rather than scattering, and therefore canopy scattering departs from ω. 

Diagrams that present both 

€ 

W  and ω confirm that 

€ 

W  only appears to interpret ω for 

an LAI of 1, and from LAI of 3 onwards, W increasingly departs from ω. 
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The 

€ 

W /ω ratio shows that in spectral regions where scattering dominates, a photon is 

likely to have undergone multiple interactions. Illustrating 

€ 

W /ω ratios for LAIs of 1, 

3, 5 and 10 shows that with increasing LAI, the probability that a photon is likely to 

have undergone multiple interactions decreases particularly in the NIR to MIR 

spectral region where scattering dominates, due to increasing absorption with high 

LAIs. This confirms the patterns found in departures from ω.  

 

The decreasing ability of 

€ 

W  extraction with LAI from ~3 is therefore related to the 

ability to describe within-canopy absorption. Consequently, the departures of 

€ 

W  from 

WT are inherently a result of recollision probability. The saturation of

€ 

p  with LAI is 

well documented in spectral invariant theory for high LAI canopies (Smolander and 

Stenberg 2005), and is likely additional cause behind the increasing SSE values 

between 

€ 

W  and 

€ 

WT  with increasing LAI from LAI 3. Assuming the p is constant with 

scattering order has been shown to work with little error (Huang et al., 2007), 

however this is no longer ‘actual’

€ 

p which varies with scattering order and as a result 

can only be explained by the principle eigenvalue of the radiative transfer equation for 

low LAIs (Panferov et al., 2001). As aforementioned, the saturation of

€ 

p is 

particularly low due to the methodology used to vary LAI. As a result, the inability to 

interpret W from reflectance data of higher LAI canopies is inherently limited by this 

factor. 

 
Figure 6.2-1. W/ω ratio for LAIs 1, 3, 5 and 10 
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6.2.4 Soil 
 

The effect of soil scattering was investigated through simulating canopies with 

various type of soils from the ASTER spectral library, and some soils from Price 

(1990)’s original basic functions. Homogeneous canopies were proven to be more 

stable with soil scattering in comparison to heterogeneous canopies. As a result, the 

ability to reliably extract DASF and 

€ 

W  when soil scattering contaminates the 

reflectance signal depends on canopy type. For both canopies, there is a breakdown at 

an LAI of 1 when soil scattering is considered. Further exploration into this 

breakdown suggests it is gradual. However the reasons for the breakdown are 

ambiguous. Firstly it could be due to a breakdown in the spectral invariant theory at 

LAI of 1, which has been previously demonstrated. Secondly, the low LAI could 

cause increased dominance of soil scattering spectra over canopy scattering therefore 

contaminate the reflectance signal. The SSE values also demonstrate that for optimum 

LAIs of 3 and 5, 

€ 

W  is extracted more reliably, and as spectral invariant theory breaks 

down at high LAIs (10), the ability to extract 

€ 

W  therefore decreases. This presents a 

‘trade-off’ in terms of soil, whereby increased LAI appears to reduce the impact of 

soil scattering on the canopy, however increasing LAI is also associated with a 

breakdown in spectral invariant theory.  

 

Heterogeneous canopies are influenced considerably by soil scattering, due to the 

spatial distribution of scenes. The breakdown of spectral invariant theory at high LAIs 

is demonstrated through investigations into the difference between medium and high-

density heterogeneous scenes. In high-density cases, the SSE values between 

€ 

W  and 

€ 

WT  are higher at LAIs of 10 for black loam, brown to black clay and red organic-rich 

silty loam soils than for medium density cases. This suggests that the spectral 

invariant theory at high LAI and dense canopies contributes more to the breakdown 

rather than soil contamination.  

 

These soil experiments confirm assumptions that the theory of extracting DASF and 

€ 

W works best under assumptions of black soil. Whilst a sufficiently dense canopy is 

required, if the canopy is too dense or the soil scattering signal dominates, the 

€ 

W  

extracted is very different to 

€ 

WT . However, it is fairly clear when a reflectance signal 

is contaminated by soil scattering, particularly for heterogeneous canopies where its 
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impact is greater. Consequently, provided that these soil effects can be filtered out, 

the impact of soil scattering would influence DASF and 

€ 

W  to a less extent than 

demonstrated here. 

 

6.3 Canopy architecture 
 

Exploration of extracting DASF and 

€ 

W  for homogeneous and heterogeneous 

canopies confirms that canopy architecture has fundamental impacts on DASF. 

However, results show that expectations that homogeneous geometrically simple 

canopies should more reliably extract DASF and 

€ 

W  are proven to be incorrect, as 

heterogeneous canopies reconstruct 

€ 

W  more accurately than 

€ 

W .  

 

Predictions of 

€ 

a and 

€ 

p  are considerably different for homogeneous and 

heterogeneous canopies. Canopy structure determines the escape probabilities for 

different scattering orders, and therefore 

€ 

a . In heterogeneous canopies, photons have 

a higher chance of escaping the sphere through different escape paths out of the 

sphere sides, whereas in a homogeneous canopy there are fewer escape paths (Mõttus 

et al., 2007), particularly in first-order interactions. The addition of more complicated 

canopy structure for heterogeneous canopies also slightly increases recollision 

probability. Mõttus et al (2007) found similar results, suggesting that canopies that 

are more structurally complex absorb radiation more efficiently.  

 

DASF values predicted for each canopy are also substantially different. The lower 

€ 

a  

values demonstrated in the heterogeneous canopy are a result of increased escape 

probability from the spherical nature of the canopy, and the reduced ability to 

differentiate between first-order and multiple scattering for structurally more complex 

heterogeneous canopy. This, in combination with slightly higher

€ 

p  (given that 

€ 

DASF = a /(1− p)) results in a lower DASF for heterogeneous canopies. On the other 

hand homogeneous canopies are structurally simpler, therefore 

€ 

a is more able to 

differentiate between first-order scattering and multiple scattering based on the 

interception and escape probabilities and is as a result higher. In combination with the 

lower

€ 

p, DASF is therefore predicted higher in homogeneous canopies. 
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Results demonstrated that the variation of DASF with either VZA or SZA was 

dependent on either 

€ 

a or p, however the extent of dependency on either one of the 

parameters appeared to vary with canopy architecture. For homogeneous canopies, 

variation in DASF with VZA or SZA was found to follow the same pattern as 

recollision probability, whereas for heterogeneous canopies, the variation in DASF 

was dependent upon a. This suggests that the controlling parameters on DASF varies 

depending on canopy architecture. 

 

6.4 710-790nm spectral interval 
 

It was shown that for all experiments, DASF calculated from the 710-790nm spectral 

region resulted in more accurate extraction of 

€ 

W , which confirms the ascertain made 

by Knyazikhin et al (2013) that information from the 710-790nm region alone can be 

used to correct optical hyperspectral reflectance data for structural effects. 

Investigations into recollision probability constructed from 

€ 

W  (pW) shows that

€ 

p  

reconstructued from 710-790nm more closely follows the pattern of 

€ 

peff , particularly 

in the NIR region, which suggests that

€ 

p  is more accurately calculated in the 710-

790nm region resulting in a more reliable extraction of DASF and 

€ 

W . However, it is 

clear from investigation into the different recollision probabilities, p is not predicted 

entirely accurately. 

 

6.5 Wrong single scattering albedo 
 

The parameters chosen to create the wrong ω were double the proportions of 

chlorophyll, dry matter and water absorption parameters to the true ω. Lewis and 

Disney (2007) explained the relationship observed in Figure 5.2.2 is due to changing 

the values of biochemical constituents by a factor of k will simply raise ω by a power 

of k, therefore doubling the biochemical parameters will raise ω by a power of 2. 

Despite inputting the wrong ω, DASF and 

€ 

W can still be extracted reliably. 

Consequently, the assumption that DASF and 

€ 

W can be extracted given that no prior 

or ancillary knowledge on leaf single scattering albedo is known, is true. Given that in 

reality the ω of a specific canopy is rarely known, the ability of this method to 
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reconstruct W is important. Additionally the discoveries that 

€ 

W is more reliably 

extracted for heterogeneous canopies and from DASF710 for homogeneous canopies is 

followed through when the wrong ω is used. 

 

Further exploration into the model parameters demonstrates the tight coupling 

between canopy structure and leaf biochemistry, whereby inputting the wrong ω has a 

significant impact on the parameters. However despite this, DASF can still be 

accurately predicted. Primarily, the wrong ω considerably affects the prediction of p, 

causing negative probabilities in some cases. This highlights that if ω is known, then 

p can be determined, however in reality ω is not known, and therefore p cannot be 

interpreted using this method. On the other hand, if

€ 

p is known, ω can be derived, but 

if

€ 

p is not known, then ω cannot be derived (Lewis and Disney, 2007). This is 

important considering that

€ 

p is widely used parameter that can determine LAI, 

vegetation type and other basic characteristics of vegetation canopies (Mõttus and 

Stenberg, 2008). The incorrect prediction of

€ 

p raises questions to what structural 

effects have actually been accounted for.  

 

6.6 DASF 
 

It is evident from conducting baseline experiments that DASF can reliably be 

extracted for both heterogeneous and homogeneous canopies, and used to correct 

reflectance data for structural effects to predict total canopy scattering. From 

comparisons of DASF extracted for homogeneous and heterogeneous canopies, 

DASF can be used to illustrate some the characteristics of canopy structure.  

However, due to the number of structural factors that are lumped together to describe 

DASF, conditions that may cause DASF to change, such as viewing geometry, 

bidirectional reflectance, LAI, density and soil scattering, have been proven to do so 

significantly, some more than others. Given that experiments here are carried out in a 

controlled environment, it is possible to tease out the reasons why DASF behaves in a 

certain way. However, in reality, investigating DASF on hyperspectral remote sensing 

data may be more complex. 
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6.7 Total canopy scattering 
 

Experiments in this study have shown that total canopy scattering can be reliably 

extracted from reflectance (BRF) data using DASF to normalise for structural effects 

under conditions of directional-hemispherical reflectance, equal leaf asymmetry, 

black soil and sufficiently dense homogeneous or heterogeneous canopies. It has also 

been shown that canopy scattering can also be reliably extracted without prior 

knowledge of leaf single scattering properties, and also under conditions of changing 

viewing geometry, of bidirectional reflectance and canopies of certain LAIs. 

 

It is important to note that total canopy scattering is not the same as leaf single 

scattering albedo, due to absorption from within-canopy photon interactions. 

Accordingly, this methodology instead interprets reflectance (BRF) to infer total 

canopy scattering, which takes account of structure, and can therefore be used to 

investigate relationships with leaf biochemical constituents. 

 

However, inputting the wrong ω highlights that leaf biochemistry and canopy 

structure are inherently coupled, shown through exploration of

€ 

p . Accordingly, it is 

necessary to further examine what structural effects DASF actually accounts for, and 

residual structural effects that might occur in 

€ 

W . For example, the definition of 

€ 

W  

states that it is a function of leaf surface properties, however DASF is also explained 

to describe leaf surface properties, both of which are dependent on plant type. As only 

discs of a certain type are used in this study, representing one plant type, this suggests 

further work is necessary. Also, clumping in needleleaf forests has not been 

considered here as only discs were used. Further work could investigate the extraction 

of DASF and 

€ 

W  from needleleaf canopies, as Knyazikhin et al (2013) showed that 

needleleaf forests have lower DASF values in comparison to broadleaf forests. 

Moreover, further work could include firstly using LiDAR measurements to provide 

detailed descriptions of canopy structure to test DASF against, and secondly using 

remote sensing data such as MERIS or AVIRIS to expand on Knyazikhin et al (2013) 

Ffinally, a full test of assumptions that no prior knowledge of leaf optical properties 

using many different leaf single scattering albedo spectra, both correct and wrong 

would provide much further insight than the scope of this study. 
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7 Conclusion 
 

In conclusion, this study empirically tested the concept proposed by Knyazikhin et al 

(2013) that provides a physically based approach of modelling both leaf and canopy 

scattering. It was shown that DASF could reliably be extracted from reflectance data 

simulated by MCRT methods under conditions of directional-hemispherical 

reflectance, equal leaf asymmetry, sufficiently dense canopy and black soil. It was 

then demonstrated that DASF could be used to correct hyperspectral reflectance 

(BRF) data for structural effects, to predict canopy scattering.  

 

Under the same conditions, the hypothesis that DASF could be extracted from the 

710-790nm spectral interval alone and used to correct for structural effects in the 

optical domain (400-2400nm) was proven, often extracting canopy scattering more 

reliably than DASF extracted from the full optical domain. Secondly, the hypothesis 

that DASF could be extracted given that no prior or ancillary knowledge of leaf 

optical properties was also proven to be correct, through inputting the ‘wrong’ leaf 

single scattering albedo. This result is particularly important, as in reality, leaf optical 

properties of a canopy are not known. However, the study highlighted important 

consequences of no prior knowledge of leaf optical properties; if the leaf single 

scattering albedo is not known, the recollision probability cannot be found, and vice 

versa.  

 

It was shown that total canopy scattering was extracted was relatively stably under 

conditions of varying viewing geometry and bidirectional reflectance therefore 

canopy scattering could be reliably extracted. Canopy architecture was shown to have 

important influences over DASF and consequently the canopy scattering extracted. 

Notably it was shown that canopy scattering could be extracted more precisely in the 

more structurally complex heterogeneous scene. This method of interpreting 

reflectance (BRF) to infer canopy scattering was shown to depend strongly on LAI, 

whereby increasing LAI, canopy scattering was progressively unable to be accurately 

extracted. It was hypothesised that this is due to the inability of recollision probability 

to describe increasing within-canopy absorption with increasing LAI as a result of 

saturation. Lastly, soil scattering effects caused a considerable breakdown in the 

reliability with which total canopy scattering can be inferred. However, the 



 77 

contamination of soil scattering in reflectance data is fairly evident, and filtering can 

be applied to remove these effects, allowing more reliable extraction of canopy 

scattering.  

 

Canopy scattering due to canopy structure and leaf scattering as a result of leaf 

biochemistry are inherently coupled. Accordingly, in order to retrieve leaf 

biochemical information from hyperspectral remote sensing data, canopy scattering 

must be accounted for. This study demonstrated a method that accounts for such 

canopy scattering effects, and can be used to provide crucial leaf biochemistry 

estimates from remote sensing data essential to terrestrial ecosystem modelling. 
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Autocritique 
 

I chose this dissertation as it would allow me to build knowledge on something that I 

had not studied before, and would introduce me into a field of research that was 

particularly interesting and a strength within UCL Remote Sensing. The opportunity 

to use the librat model, and to carry on with some mathematically and programming 

skills previously learned also added to why I chose this dissertation. 

 

The challenging nature of combining spectral invariant theory, librat, building canopy 

scenes and thorough analysis of the results, in combination with the opportunity to 

building on some programming skills was particularly rewarding when it resulted in 

findings that had never been uncovered before. Accordingly, the main strength in this 

dissertation lies within the fact this concept of DASF is so novel, and had not yet been 

empirically tested. The findings that total canopy scattering could be extracted given 

both no prior knowledge of leaf optical properties and from information from the 710-

790nm region alone have not been found before this dissertation. Additional strengths 

lie within the fact this has been quite a thorough analysis, particularly in the baseline 

experiments, requiring very careful methodology.  

 

In hindsight, I would have pursued a different method of calculating LAI from the 

start of the project. Having realised very late into the project that the method of 

increasing disc radius size to calculate LAI may have caused miscalculations in 

recollision probability, I tried to make a different method work, however it was 

finding the same results as found by the original method, suggesting that much more 

time needed to be spent getting it right. The main weakness of this dissertation is the 

fact that there were so many extra things that could be done, as suggested in the 

discussion, that I only managed to carry out the basis analysis. Because this theory 

has never been empirically tested, given time, (and more words), there are many more 

experiments which I would have liked to carry out.  
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Appendix A: Prepare librat data 
 
 
# Equal reflectance and transmittance 
pigment -l 404 2400 4 -N 1.5 < feret.dat | awk '{a=$2+$3;print 
$1,a*0.5,a*0.5}' > refl/leaf.dat 
 
# Black soil 
awk < /soil.1st_component '{print $1,$2*0.3*0.0}' > refl/soil.dat 
 
# Get similar waveband file and leaf file 
awk < refl/leaf.dat '(NR==1){start=int($1);print int($1)-start,$1} 
(NR==2){step=int($1)-start;} (NR>1){print int(($1-start)/step),$1}' > 
wavebands.dat 
 
# Create LAI object scenes for heterogeneous canopy 
foreach l ( 1 2 3 4 6 7 8 9 10 ) 
  set r = `echo $l | gawk 'BEGIN{c=(49999*3.14159265358979323846)/ 
 (0.25*3.14159265358979323846);}{r=sqrt($1/c);print r;}'` 
  sed 's/disk -2 -1 0.005/disk -2 -1 '$r'/g' < sphere.obj > 
sphere.obj.lai.$l 
  sed 's/sphere.obj/sphere.obj.lai.'$l'/' < HET12.obj.instance >  
        HET12.obj.instance.lai.$l 
  sed 's/HET12.obj.instance/HET12.obj.instance.lai.'$l'/' < HET12.obj >  
        HET12.obj.lai.$l 
end 
 
# Create LAI object scenes for homogeneous canopy 
foreach l ( 1 2 3 4 6 7 8 9 10 ) 
  set r = `echo $l | gawk 'BEGIN{c=79577*3.14159265358979323846/625.;} 
 {r=sqrt($1/c);print r;}'` 
  sed 's/disk -2 -1 0.050/disk -2 -1 '$r'/g' < PLA.obj > PLA.obj.lai.$l 
  sed 's/PLA.obj/PLA.obj.lai.'$l'/' < HOM25.obj.instance > 
HOM25.obj.instance.lai.$l 
  sed 's/HOM25.obj.instance/HOM25.obj.instance.lai.'$l'/' < HOM25.obj >  
        HOM25.obj.lai.$l 
end 
 
# Run librat for canopy scene LAIs 
# On pallas/poseidon/artemis/polybotes/node21-25  
foreach l ( 1 2 3 4 6 7 8 9 10 ) 
( nice +19 ./dobrdf.py -v -obj HET12.obj.lai.$l -wb wavebands.dat -ideal 101 
101 -angles angles.dat -opdir cameras -npixels 450000 -look 0 0 1.01 -boom 
500 & ) >& logs/log.HET12.lai.$l 
 
# Run librat for flat white lambertian panel 
( nice +19 ./dobrdf.py -v -obj panel.obj -wb wavebands.dat -ideal 101 101 -
angles angles.dat -opdir cameras -npixels 450000 -look 0 0 1.01 -boom 500 & 
) >& logs/logs.panel 
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Appendix B: soil_prep.py 
 
 
import numpy as np 
from scipy.signal import resample 
 
def soilRefl(filename,outfile): 
   
  ‘’’ Prepare ASTER soil files for librat input. 
 
  Parameters: 
  ------------ 
 
  filename : .dat file 
      ASTER soil file 
  outfile : string 
      Name for output soil file 
 
  ‘’’ 
   
  # Load file 
  file = np.loadtxt(filename) 
  fileWb = file[np.where(file[:,0]<=2.401)] 
  s = [] 
  for i in reversed(fileWb): 
    s.append([int(i[0]*1000),i[1]]) 
  # 1-D sequence of floats 
  xp = s[:,0] 
  yp = s[:,1] 
  # Array like x 
  x = np.arange(400,2400,4) 
  # Interpolate 
  y = np.interp(x,xp,yp) 
  soil = np.ones([500,2]) 
  soil[:,0] = x 
  soil[:,1] = y/100 
  np.savetxt(outfile,soil,fmt = '%s',delimiter=' ') 
   
  return 
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Appendix C: paramExp.py 
 
import numpy as np 
import os 
import glob 
import pylab as plt 
import scipy.optimize 
import scipy.stats 
 
def data(SZA,VZA,type,canopy,LAI,leaffile,soilType,RE=False,minRE=710, 
         maxRE=790,soil=False): 
 
  ''' Download librat radiance data for particular canopy, view zenith  
  angle, solar zenith angle, direct/diffuse output and LAI.  
  Return reflectance data, panel data, first order scattering wavebands,leaf  
  single scattering albedo. 
   
  Parameters: 
  ------------ 
   
  SZA : integer 
    Load data for a specific solar zenith angle (SZA) 
  VZA : integer 
    Load data for a specific view zenith angle (VZA) 
  type : string 
    Load either direct or diffuse radiance output from librat 
  canopy : string 
    Load data for a specific canopy 
  LAI : integer 
    Load data for a specific LAI 
  leaffile : .dat file 
    Leaf single scattering albedo file 
  soilType : string 
    Define soil type 
   
  Keyword arguments: 
  ------------------- 
   
  RE : use red edge region, default set to False 
  minRE : minimum red edge waveband, default set to 710 
  maxRE : maximum red edge waveband, default set to 790 
  soil: load data for scene with soil background of soilType 
   
  ''' 
 
  # Load reflectance data 
  if soil==False: 
 datafiles = glob.glob 
('experiments/%s_lopex/cameras/result.%s.obj.lai.%_vz_%s.0_va_0.0_sz_%s.0_sa
_0.0_xyz_0.0_0.0_1.01_wb_wavebands.dat.%s'%(canopy,canopy,LAI,VZA,SZA,type)) 
  if soil==True: 
    cSoil = canopy + '.%s'%soilType 
    soilPath = canopy + '_soil' 
 datafiles =  glob.glob('experiments/%s/cameras/result.%s.obj.lai.%s_ 
vz_%s.0_va_0.0_sz_%s.0_sa_0.0_xyz_0.0_0.0_1.01_wb_wavebands.dat.%s'% 
(soilPath,cSoil,LAI,VZA,SZA,type))  
  # Load white flat lambertian panel 
panelfiles = glob.glob('experiments/%s/cameras/result.%s.obj.lai.%s   
_vz_%s.0_va_0.0_sz_%s.0_sa_0.0_xyz_0.0_0.0_1.01_wb_wavebands.dat.%s'%(soilPa
th,cSoil,LAI,VZA,SZA,type)) 
 
 
 
  # Load data and raise IOError if they do not exist  
  try: 
    reflData = (np.loadtxt(datafile).T)[1:] 
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  except IOError: 
    print "Reflectance data does not exist" 
  try: 
    panel = (np.loadtxt(panelfile).T)[1:][:,0] 
  except IOError: 
    print "Panel data does not exist" 
 
  # Normalise radiance 
  refl = np.sum(reflData,axis=1)/panel 
  # Calculate first order scattering 
  firstOrd = reflData[:,0]/panel 
  # Set wavebands 
  wbFile = 'experiments/%s/wavebands.dat'%soilPath 
  wavelength = np.loadtxt(wbFile)[:,1] 
  # Load leaf single scattering albedo file and asymmetry 
  leaf = (np.loadtxt(leaffile)) 
  sscat = leaf[:,1] + leaf[:,2] 
   
  # Use red edge region only 
  if RE==True: 
    reflData = reflData[np.where((wavelength>minRE) & (wavelength<maxRE))] 
    panel = panel[np.where((wavelength>minRE) & (wavelength<maxRE))] 
    refl = refl[np.where((wavelength>minRE) & (wavelength<maxRE))] 
    firstOrd = firstOrd[np.where((wavelength>minRE) & (wavelength<maxRE))] 
    leaf= leaf[np.where((wavelength>minRE) & (wavelength<maxRE))] 
    sscat = sscat[np.where((wavelength>minRE) & (wavelength<maxRE))] 
    wavelength = wavelength[np.where((wavelength>minRE) &  
                 (wavelength<maxRE))] 
 
  return reflData,panel,refl,firstOrd,wavelength,leaf,sscat 
 
 
 
def dasf(SZA,VZA,type,canopy,LAI,leaffile,soilType,RE=False,minRE=710, 
  maxRE=790,yuri=False,plot=False,soil=False): 
 
  ''' Optimise a spectral invariant model of reflectance to return  
  parameters a and p,  
  DASF and R value between measured and modelled reflectance, calculate  
  explicit a, effective p and True W. 
    
  Parameters: 
  ----------- 
   
  SZA : integer 
    Load data for a specific solar zenith angle (SZA) 
  VZA : integer 
    Load data for a specific view zenith angle (VZA) 
  type : string 
    Load either direct or diffuse radiance output from librat 
  canopy : string 
    Load data for a specific canopy 
  LAI : integer 
    Load data for a specific LAI 
  leaffile : .dat file 
    Leaf single scattering albedo file 
  soilType : string 
    Define soil type 
    
  Keyword arguments: 
  -------------------- 
   
  RE : use red edge region, default set to False 
  minRE : minimum red edge waveband, default set to 710 
  maxRE : maximum red edge waveband, default set to 790 
  Yuri : calculate DASF using method used in Knyazikhin et al (2013),  
   default set to False 
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  Plot : plot modelled and measured reflectance, default set to False 
  soil: load data for scene with soil background of soilType 
 
  ''' 
   
  # Load data 
  if soil==False: 
    if RE==False: 
      # Load up data 
reflData,panel,refl,firstOrd,wavelength,leaf,sscat =data(SZA,VZA,type, 
canopy,LAI,leaffile,soilType,RE=False,minRE=710,maxRE=790,soil=False) 
    if RE==True:       
reflData,panel,refl,firstOrd,wavelength,leaf,sscat =data(SZA,VZA,type, 
canopy,LAI,leaffile,soilType, RE=True,minRE=710,maxRE=790,soil=False)    
  if soil==True: 
    if RE==False: 
      # Load up data 
reflData,panel,refl,firstOrd,wavelength,leaf,sscat =data(SZA,VZA,type, 
canopy,LAI,leaffile,soilType,RE=False,minRE=710,maxRE=790,soil=True) 
    if RE==True: 
 reflData,panel,refl,firstOrd,wavelength,leaf,sscat =data(SZA,VZA,type, 
canopy,LAI,leaffile,soilType,RE=True,minRE=710,maxRE=790,soil=True)      
     
  # Calculate DASF (Method 1) 
  #  
  if yuri==False: 
    # Set model of reflectance and initial parameters 
    r = lambda p,w: p[0]*w/(1-p[1]*w) 
    p0 = [0.03,0.7] 
    # Error function to optimise 
    sse = lambda p,w,y: np.sum((y-r(p,w))**2)  
    p = scipy.optimize.fmin_l_bfgs_b(sse,p0,args=(sscat,refl), 
approx_grad=True)[0] 
    # Predict reflectance using optimized parameters 
    fwd = r(p,sscat) 
    # R value between measured (refl) and modelled (fwd) reflectance 
    R = scipy.stats.linregress(refl,fwd)[2] 
    # Calculate DASF 
    DASF = p[0]/(1-p[1]) 
    if plot==True: 
      plt.plot(sscat,fwd) 
      plt.plot(sscat,refl,'+') 
      plt.xlabel('reflectance (SSA)',fontsize=10) 
      plt.ylabel('reflectance (BRF)',fontsize=10) 
      plt.title('a=%.2f p=%.2f DASF=%.2f LAI=%s'%(p[0],p[1],DASF,LAI)) 
      plt.show() 
   
  # Calculate DASF (Method 2) 
  if yuri==True: 
    # Set model of reflectance and initial parameters 
    r_w = lambda p,r: p[0]+p[1]*r 
    p0 = [0.03,0.7] 
    # Error function to optimise 
    sse = lambda p,r,y: np.sum((y-r_w(p,r))**2) 
p = scipy.optimize.fmin_l_bfgs_b(sse,p0,args=(sscat,refl), 
approx_grad=True)[0] 
    # Predict reflectance using optimized parameters 
    fwd = r(p,sscat) 
    # R value between measured (refl) and modelled (fwd) reflectance 
    R = scipy.stats.linregress(refl,fwd)[2] 
    # Calculate DASF 
    DASF = p[0]/(1-p[1]) 
    if plot==True: 
      plt.plot(sscat,fwd) 
      plt.plot(sscat,refl,'+') 
      plt.xlabel('reflectance (SSA)',fontsize=10) 
      plt.ylabel('reflectance (BRF)',fontsize=10) 
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      plt.title('a=%.2f p=%.2f DASF=%.2f LAI=%s'%(p[0],p[1],DASF,LAI)) 
      plt.show() 
 
  # Set model a to same shape as explicit a 
  a = [] 
  for i in xrange(len(wavelength)): 
    a.append(p1) 
  # Calculate explicit a  
  aExp = firstOrd/sscat 
  plt.plot(wavelength,aExp) 
  plt.plot(wavelength,a) 
  plt.xlabel('wavelength / nm') 
  plt.ylabel('$a$') 
  plt.xlim(wavelength.min(),wavelength.max()) 
  plt.legend(['$a_{exp}$','$a$'],loc='best') 
  plt.show() 
 
  # Set derived p to same shape as effective p 
  recol = [] 
  for i in xrange(len(wavelength)): 
  recol.append(p2) 
  # Calculate effective p and plot 
  pEff = (1-(firstOrd/refl))/sscat 
  plt.plot(wavelength,pEff) 
  plt.plot(wavelength,recol) 
  plt.plot(wavelength,sscat) 
  plt.xlabel('Wavelength / nm') 
  plt.ylabel('Recollision probability') 
  plt.xlim(wavelength.min(),wavelength.max()) 
  plt.legend(['$p_{eff}$','$p$','$\omega$'],loc='best') 
  min = plt.ylim()[0] 
  max = plt.ylim()[1] 
  plt.vlines(x=710,ymin=min,ymax=max,colors='k',linestyle='dotted') 
  plt.vlines(x=790,ymin=min,ymax=max,colors='k',linestyle='dotted') 
  plt.show() 
 
  # Estimate W 
  W = refl/DASF 
  # Load 'True' W data  
datafile = 'experiments/%s_lopex/cameras/result.%s.obj.noplane.lai.%s_  
vz_%s.0_va_0.0_sz_%s.0_sa_0.0_xyz_0.0_0.0_1.01_wb_wavebands.dat.%s'% 
(canopy,canopy,LAI,VZA,SZA,type) 
  reflData_wT = (np.loadtxt(datafile).T)[1:] 
  # Normalise by lambertian panel 
  wT = np.sum(reflData_wT,axis=1)/panel 
   
  # Set plot titles 
  if yuri==False: 
    title = 'W (Lewis)' 
  if yuri==True: 
    title = 'W (Yuri)' 
   
  # Plot estimated and True W 
  if plot==True: 
    plt.plot(wavelength,W,label='%s'%(title)) 
    plt.plot(wavelength,wT,label='$W_T$') 
    plt.xlabel('Wavelength / nm') 
    plt.ylabel('Total canopy scattering') 
    plt.xlim(wavelength.min(),wavelength.max())     
    min = plt.ylim()[0] 
    max = plt.ylim()[1] 
    plt.vlines(x=710,ymin=min,ymax=max,colors='k',linestyle='dotted') 
    plt.vlines(x=790,ymin=min,ymax=max,colors='k',linestyle='dotted') 
    plt.legend() 
 
  # Sum of squared errors  
  SSE = np.sum((wT-W)**2) 
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  print 'SSE = %s'%SSE 
 
  # Calculate recollision probability from W 
  pW = (1-(W/sscat))/(1-W) 
  istart += 1 
  if plot==True: 
    plt.figure(istart) 
    plt.plot(wavelength,pW,'b',label='$p_W$') 
    plt.plot(wavelength,p2,'g',label='$p$') 
    plt.plot(wavelength,pEff,'r',label='$p_{eff}$') 
    plt.legend(loc='best') 
    plt.xlabel('Wavelength / nm') 
    plt.ylabel('Recollision probability') 
    plt.xlim(wavelength.min(),wavelength.max()) 
    min = plt.ylim()[0] 
    max = plt.ylim()[1] 
    plt.vlines(x=710,ymin=min,ymax=max,colors='k',linestyle='dotted') 
    plt.vlines(x=790,ymin=min,ymax=max,colors='k',linestyle='dotted') 
    plt.show() 
 
  return p[0],p[1],DASF,R,SSE 
 
 
 
 


